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Abstract 
 
    The discovery of graphene and its unprecedented chemical and physical properties has led to the intense 
study of other two dimensional (2D) nanomaterials in recent years. The molecularly thin nature of these 
materials results in unique and attractive properties, which are distinct from their bulk counterparts. 
Furthermore, a vast variety in terms of composition and structure allows to further evolve many intriguing 
properties. Hetero-assembling of different 2D materials may have a chance to integrate multiple 
functionalities into one single object. Additionally, it may also be plausible to discover new phenomena or 
properties given the coupling effect of the ultrathin nanomaterials. However, the present routes to produce 
the van der Waals heterostructures by scotch tape transferring or chemical vapor deposition seem to be 
infeasible. An alternative way to prepare the heterostructures of 2D materials is to assemble the chemically 
derived colloidal 2D nanosheets, namely, nanosheets obtained by chemical exfoliation of the precursors, by 
solution-based techniques.  
    In this study, the two most important nanosheets, GO and titania nanosheet (Ti0.87O2
0.52-
), were employed 
to fabricate intriguing superlattice heterostructures, films and composites, by solution-based techniques. The 
photocatalytic reduction of the GO by Ti0.87O2
0.52-
 was studied and the electrical and optoelectronic properties 
of the resulting rGO-Ti0.87O2
0.52-
 films were also investigated. 
    Graphene oxide (GO) and titanium oxide nanosheets (Ti0.87O2
0.52−) were self-assembled layer-by-layer 
using the PDDA as a linker into a superlattice film. Successful construction of an alternate molecular 
assembly has been confirmed by AFM and UV-visible absorption spectroscopy, as well as XRD analysis. 
Exposure of the resulting film to UV light effectively promoted photocatalytic reduction of GO, as well as 
decomposition of the polycation, which are due to their intimate molecular-level contact. The reduction 
completed within 3 hours, bringing about a decrease of the sheet resistance by ∼106, competitive with the 
well-studied chemical or thermal reduction methods. Furthermore, this process provides a clean and mild 
route to reduced graphene oxide (rGO), showing advantages over conventional processes. 
    The photoreduced superlattice film constructed from reduced graphene oxide (rGO) and photoactive 
titania nanosheets (Ti0.87O2
0.52-
) was employed as a channel to construct a field effect transistor (FET) device, 
and its UV light response on the electrical transport property was examined. The device exhibited an n-type 
unipolar response, which changed from the ambipolar behavior observed prior to the irradiation. At the same 
time, the conductance was significantly enhanced by ~7-fold. The enhancement, as well as the n-type 
unipolarity, is unique to the present device compared to the rather modest photomodulation reported for 
other graphene-based systems. These interesting behaviors may be explained in terms of photomodulation 
effects from Ti0.87O2
0.52-
 nanosheets. The photoexcited electrons in Ti0.87O2
0.52-
 are injected into rGO to 
increase the electron carrier concentration as high as 7.6 × 10
13
 cm
-2
. On the other hand, the holes are likely 
trapped in the Ti0.87O2
0.52-
 nanosheets. These photocarriers undergo reduction and oxidation of oxygen and 
water molecules adsorbed in the film, respectively, which act as carrier scattering centers, contributing to the 
enhancement of the carrier mobility. Since the film likely contains much more water molecules than oxygen, 
upon extinction of UV light, a major portion of electrons (~80% of the concentration at the UV off) survives 
in the rGO, showing the highly enhanced conductance for days.  
    The surface charge of various anionic unilamellar nanosheets, such as graphene oxide (GO), Ti0.87O2
0.52−, 
and Ca2Nb3O10
− nanosheets, has been successfully modified to be positive by interaction with polycations, 
such as PEI (Mw = 7.5 × 10
5
 g) and PDDA (Mw = 1-2 × 10
5
 g), while maintaining a monodispersed state. A 
dilute anionic nanosheet suspension was slowly added dropwise into an aqueous solution of high molecular 
weight polycations, which attach on the surface of the anionic nanosheets via electrostatic interaction. 
Surface modification and transformation to positively charged nanosheets were confirmed by various 
characterizations including atomic force microscopy and zeta potential measurements. Because the sizes of 
the polycations used are much larger than the nanosheets, the polymer chains may run off the nanosheet 
edges and fold to the fronts of the nanosheets, which could be a reason for the continued dispersion of the 
modified nanosheets in the suspension.  
      By slowly adding a suspension of polycation-modified nanosheets and pristine anionic nanosheet 
dropwise into water under suitable conditions, a superlatticelike heteroassembly can be readily produced. 
Characterizations including transmission electron microscopy and X-ray diffraction measurements provide 
evidence for the formation of the alternately stacked structures. This approach enables the combination of 
various pairs of anionic nanosheets with different functionalities, providing a new opportunity for the 
creation of unique bulk-scale functional materials and their applications.  
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Chapter 1. Introduction 
 
 
1.1 Graphene 
1.1.1 The structure of graphene and its discovery 
    Graphene is named to a flat monolayer of carbon atoms tightly packed into a two-dimensional (2D) 
honeycomb lattice, which is a basic building block for graphite. The theoretical thickness of a monolayer 
graphene peeled off from the graphite is 0.34 nm (Figure 1.1a). The in plane structure of the graphene 
inherits its bulky precursor, which shows a hexagonal structure (Figure 1.1b). The side length a in the unit 
cell is 0.25 nm.  
    The graphene has been studied theoretically over 60 years (1-3), but the experimental study of the 
monolayer was started from 2004 (4), when the ultrathin graphene has been successfully peeled off from the 
highly oriented pyrolytic graphite (HOPG) for the first time.  
 
 
Figure 1.1. The structural model of graphene. (a) Side view of the layered graphite. For the monolayer 
graphene, whose thickness is 0.34 nm, it is peeled off from the bulk graphite crystal. (b) Top view of the 
graphene with a hexagonal unit cell: a = 0.25 nm; Z = 2. 
 
1.1.2 The superior properties of the graphene 
    Different from the bulky graphite, the graphene bears molecular level thickness. This quantum size effect 
from the stacking direction allows the graphene to show plenty of intriguing properties from various aspects, 
such as mechanical properties, thermal properties, optical properties, electrical properties and so on. In the 
following paragraphs, I will discuss them in details. However, as we know, the graphene is a very hot topic 
in recent years and over thousands of papers related with its properties in various fields have been published. 
It is impossible to clearly summarize all of them in this thesis. Here the priority will be put on the electrical 
properties of the graphene, which is the most significant property in this material.  
 
2 
 
1.1. 2.1 Mechanical properties of the graphene 
    The sp
2
 C-C covalent bond bears the highest strength, leading to the superhigh mechanical properties of 
carbon nanomaterials, such as carbon nanotube and graphene (5, 6). According to the study of the 
mechanical properties of free-standing monolayer graphene membranes by nano-indentation in an atomic 
force microscope (AFM), we can obtain the breaking strength of defect free graphene is 42 N m
−1
 (Figure 
1.2). The Young’s modulus of E is 1.0 terapascals, third-order elastic stiffness of D is –2.0 terapascals, and 
intrinsic strength equals 130 gigapascals. These experimental data clearly indicate the graphene is the 
strongest material ever measured, which show that atomically perfect nanoscale materials can be 
mechanically tested to deformations well beyond the linear regime. These superior mechanical properties of 
the graphene make it have great potentials for structural and mechanical applications, such as using it as 
mechanical additives in composite materials (7). When the graphene platelets (0.1wt %) were added into the 
epoxy material, the  Young’s modulus, tensile strength and fracture toughness of the nanocomposite was 
enhanced by 31%, 40 % and 53 % (7). These values are much larger than using the equal amount of carbon 
nanotubes as the additives because of the high specific surface area and the two dimensional geometry.  
 
 
 
Figure 1.2. (a) Optical image of graphene layers put on an array of cylinder wells. (b) Schematic illustration 
of the measurement on mechanical properties of the graphene using contact mode AFM. Adapted from ref. 6. 
Copyright 2008 AAAS. 
 
1.1. 2.2 Thermal properties of the graphene 
   The thermal conductivity for a suspended graphene can be studied by a Raman spectroscopy-based 
technique (Figure 1.3). A suspended monolayer graphene was transferred onto the silicon dioxide with a 3 
μm trench, and then a focused laser light would be used to heat the suspended part of the graphene. Since the 
thermal conductivity of the silicon dioxide and the air was quite low, and negligible compared with the 
carbon materials, the heat would propagate along the radius direction of the two dimensional graphene. The 
thermal conductivity K=(1/2πh)(ΔP/ΔT), where h is the thickness of the graphene and the local temperature 
rise ΔT is due to the changing heating power ΔP =P2 - P1, where P1, P2 was the laser intensity. The as 
obtained value of the K was in the range 4.84 × 10
3
 to 5.30 × 10
3
 W/mK (8). This value was higher than the 
single walled carbon nanotube (K ≈ 3000 W/mK) and multiwalled carbon nanotube (K ≈ 3500 W/mK). It 
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means graphene can outperform carbon nanotubes (CNTs) in heat conduction. The superb thermal 
conductivity of graphene is beneficial for the proposed electronic applications and establishes it as an 
excellent material for thermal management.  
 
 
Figure 1.3. Schematic of the experimental study on the thermal conductivity of suspended monolayer 
graphene. Reproduced with permission from ref. 8. Copyright 2008 American Chemical Society. 
 
1.1.2.3 Optical properties of the graphene 
   The quasiparticles in the graphene obey a linear dispersion relation. As a result, an additional chiral 
symmetry exists for the quasiparticles, which fixes the direction of pseudospin (in a given valley - a simply 
connected part of a Fermi surface) to be parallel or antiparallel to the directions of motion of electrons and 
holes, respectively (9). This leads to the independence of the optical conductivity on any material related 
parameters: σuni = πe
2
/(2h), where e is electron charge and h is Planck’s constant. Therefore, the theoretical 
optical absorption solely counts on the fine structure constant α, which is around 1/137 (10, 11). This 
absorption value equals πα = 2.3 %. This has been confirmed by experimental results obtained by 
transferring the graphene with desired layer number onto the aperture with holes, from which the 
transparency and reflection of graphene can be directly obtained (Figure 1.4). The transparency for a 
monolayer graphene is 2.3 %, and it would be linearly increased with the graphene layer number. This value 
coincides quite well with the theoretical result, indicating the highly transparent nature of the graphene. This 
high transparency of the graphene makes it a good material as the transparent conductive film given the 
metallic nature of the graphene. For example, the transferred graphene films grown by chemical vapor 
deposition (CVD) exhibit very low sheet resistance of 280 Ω/square, with 80 % optical transparency (12). 
Because of the other superior properties, such as outstanding mechanical properties and good flexibility, the 
graphene is quite promising for the scalable application of these highly conductive and transparent electrodes 
in flexible, stretchable and foldable electronics.  
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Figure 1.4. (a) Photograph of a 50-mm aperture partially covered by graphene and its bilayer. The line scan 
profile shows the intensity of transmitted white light along the yellow line. (Inset) Sample design: a 20-mm-
thick metal support structure has several apertures of 20, 30, and 50 mm in diameter with graphene 
crystallites placed over them. (b) Transmittance spectrum of single-layer graphene (open circles). The red 
line is the transmittance T = (1+0.5πα)–2 expected for two-dimensional Dirac fermions, and the green curve 
takes into account a nonlinearity and triangular warping of graphene’s electronic spectrum. (Inset) 
Transmittance of white light as a function of the number of graphene layers (squares). Reproduced with 
permission from ref. 10. Copyright 2008 AAAS. 
 
1.1.2.4 Electrical properties of the graphene 
    The firstly explored property of graphene is its electrical related performance (4). Theoretical study 
indicates the electrons propagate through the honeycomb lattice completely lose their effective mass, 
resulting in quasiparticles that are described by a Dirac-like equation rather than the Schrödinger equation 
(Figure 1.5). The Fermi velocity is 1×10
6
 m/s. This makes the graphene quite attractive, because the 
superhigh transportation speed of the carriers could make the electronic devices run much faster. An extreme 
example of popular speculations is an idea about graphene becoming the base electronic material “beyond 
the Si age” (13). The first experimental results of the multilayer graphene revealed a room temperature 
carrier mobility over 1×10
4
 cm
2
/(Vs), which is one order higher than the traditional silicon transistors (4). 
The carrier concentration reaches over 10
13
 cm
-2
, and the conductive behavior shows a strong modulation on 
gate voltage induced electron and hole doping. In addition, graphene also offers ballistic transport, linear 
current-voltage (I-V) characteristics, and huge sustainable currents (10
8
 A/cm
2
). This means the material has 
a great potential as channel material for metallic transistors, which needs a superhigh speed transistor with 
good on/off ratio and huge sustainable current. However, this gapless semiconductor has a rather modest 
on/off ratio, which is usually below 10, because of the high intrinsic carrier concentration in the original 
graphene. This is not suitable for the traditional transistor application, whose on/off ratio is usually much 
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higher. Furthermore, graphene-based integrated circuits require the conducting channel to be completely 
closed in the off state. The superhigh intrinsic carrier concentration makes it infeasible. Another big problem 
needs to be solved for the graphene to replace the silicon is the influence from the outside environment, 
besides the low on/off ratio and high leak current at the off state. The carrier mobility of the molecular 
thickness graphene can be greatly influenced by the outside environment, such as the adsorbed water or 
oxygen, which has a strong scattering ability on the carriers. The impurities on the dielectric layer can also 
greatly impede the transportation of the carriers. Therefore, plenty of efforts have been given to open the 
bandgap of the graphene, and reduce the scattering from the outside environment.  
 
Figure 1.5. Band structure of the monolayer graphene. The linear dispersion relationship near the Dirac 
point can be expressed as: E± (q) = ± v(F) q + O[(q/K)
2
], from which we can clearly identify the velocity of 
carriers in the Fermi level is independent of the energy or momentum. This theoretical value of the velocity 
near the Fermi level is ~1×10
6
 m/s. Reproduced with permission from ref. 9. Copyright 2009 American 
Physical Society.  
 
1.1.2.4.1 Opening the bandgap of the graphene  
    Several schemes have been proposed to deal with graphene’s gapless problem: (1) making the graphene 
into nanoribbons and quantum dots (14-21), (2) using bilayered graphene and applying an external field (22, 
23), (3) stretching the graphene (24, 25) and (3) doping the graphene with other atoms, such as nitrogen 
atoms (26), or other layered materials, such as h-BN (27).  
 
1.1.2.4.1.1 Opening the bandgap of graphene by obtaining the graphene nanoribbons 
    The first idea to obtain the graphene nanoribbons was to cut the graphene into nanometer width, which 
then would have a bandgap because of the lateral confinement of charge carriers. The theoretical study of the 
graphene nanoribbon indicates the energy gap depends on the width and crystallographic orientation of the 
graphene nanoribbon (GNR) (20). The first experimental study of the electrical properties in graphene 
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nanoribbon was done in 2007 in Prof. Kim’s group (16). The monolayer graphene obtained by scotch tape 
transferring technique was cut into different width and crystallographic orientations using the electron beam 
lithography. The exact width of graphene nanoribbon ranged from 15-100 nm. The opening of the bandgap can be 
easily identified by checking the differential conductance under different drain-source voltage (Vb) and gate 
source voltage (Vgs) at low temperature (1.6 K) (Figure 1.6a). According to the experimental results, as the width 
of the nanoribbons decrease, the bandgap would gradually increases, which coincides with the calculated results 
(18) (Figure 1.6b). The biggest bandgap obtained at low temperature was 0.2 eV. However, experimental 
observation shows randomly scattered values around the average bandgap (Eg) corresponding to width (W) with 
no sign of crystallographic directional dependence. This suggests that the detailed edge structure plays a more 
important role than the overall crystallographic direction in determining the properties of the graphene 
nanoribbons.  
 
 
Figure 1.6. (a) Differential conductance of the graphene nanoribbon under different drain-source voltage (Vb) 
and gate-source voltage (Vgs). (b) The relationship between the bandgap and width of the nanoribbon. Inset: 
the relationship between the crystallographic orientations and bandgap. Reproduced with permission from ref. 
16. Copyright 2007 American Physical Society. 
 
    Although the electron beam lithography can be used to produce patterned graphene with opened bandgap, 
the practical applications for room-temperature operation request the width of nanoribbons within a few 
nanometers to obtain adequate energy gaps. This can not be achieved with the standard electron beam 
lithography technique. The scanning tunneling microscope has been used to pattern the graphene into a few 
nanometer of width by etching the graphene with high current between the tip and the conductive substrate 
(21). A minimum width around 2.5 nm has been obtained by this technique, whose bandgap was around 0.5 
eV according to the study of the scanning tunneling spectroscopy. However, this method has no potential for 
the large scale production of the nanoribbons. Therefore, it would not be useful for practical production of 
graphene nanoribbons, although the authors try to neglect this drawback.  
    Some chemical methods have been used to produce the narrow graphene nanoribbons in large scale. Li et 
al. reported the chemically obtained graphene nanoribbons for the first time (15). They firstly heated the 
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expandable graphite at 1000 °C for 60 s in argon (with 3vt % H2), and then the resulting exfoliated graphite 
was dispersed in a 1,2-dichloroethane solution of poly(m-phenylenevinylene-co-2,5-dioctoxy-p-
phenylenevinylene) (PmPV) by sonication for 30 min to form a homogeneous suspension. Finally, 
centrifugation was done to remove large pieces of materials from the supernatant (Figure 1.7a). The width of 
the as-obtained products ranges from sub-10 nm to 50 nm (Figure 1.7b-c). According to the transfer 
characteristics of the nanoribbons channeled FET devices, the on/off ratios of the sub-10 nm materials can 
reach over 10
7
 at room temperature, much more than enough for transistor applications. However, as we may 
notice, the saturated current is very small, on the order of 1 μA. This is much lower than the request for 
practical electronic applications.  
 
 
Figure 1.7. (a) Photograph of the as-obtained nanoribbon suspension. (b-c) Nanoribbons with sub-10 nm and 
50 nm width. (d-e) Ids-Vgs relationships for nanoribbons with different width. Reproduced with permission 
from ref. 15. Copyright 2008 AAAS. 
 
    Besides the exfoliation from graphite, some other controllable methods have been invented to obtain the 
nanoribbons in a scalable way. One of these options is to unzip the multilayered carbon nanotubes (28, 29). 
The carbon nanotube was formed by rolling the monolayer or few layers graphene into seamless tubes (11), 
which was discovered in 1991 by Prof. Iijima (30). The large scale production and the control of the radius 
size of carbon nanotubes have already been realized (31). Therefore, it would be very convenient to produce 
the graphene nanoribbon from the carbon nanotube if any suitable method can be found. Jiao et al. firstly 
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reported the achievement of graphene nanoribbon with smooth edge and controlled width range from 10-20 
nm from this route (29). At first, they deposited well dispersed multi-walled carbon nanotubes on the silicon 
substrate, and then a layer of poly(methyl methacrylate) (PMMA) was coated on the film. After baking, the 
film was peeled off in a KOH solution. The multiwalled carbon nanotubes embedded in the resulting PMMA 
film had a narrow strip of side wall not covered by PMMA, owing to conformal PMMA coating on the 
substrate. The PMMA–MWCNT film was then exposed to Ar plasma for various times. Owing to the 
protection by the PMMA, the top side walls of MWCNTs were etched faster and removed by the plasma. 
After removing the PMMA by acetone vapor and annealing, the nanoribbons was obtained. Since the 
procedure of this method was very complicated, Jiao et al. then developed a more facile way to unzip the 
multiwalled carbon nanotubes (28). The original carbon nanotubes made by arc discharge method were 
firstly oxidized in air at 500 °C to remove the impurities, and then the nanotubes were then dispersed in a 
1,2-dichloroethane organic solution of PmPV by sonication, during which the calcined nanotubes were found 
to unzip into nanoribbons. The nanoribbons made by this method are of very high quality, with smooth edges, 
low ratios of disorder to graphitic Raman bands, and the highest electrical conductance and mobility reported 
so far. However, the yield by this method is around 2 wt%, which is far away from the demands for practical 
applications.  
    Besides the up to bottom methods to obtain the nanoribbons from other carbon nanomaterials, such as 
graphite and carbon nanotube, some research groups tried to synthesize the graphene nanoribbon using the 
organic molecules (32-35). Yang et al. reported the first result using this method to achieve the graphene 
nanoribbon using the 1,4-diiodo-2,3,5,6-tetraphenylbenzene and 4-bromophenylboronic acid as the reagents 
(35). However, the real breakthrough from this route to obtain nanoribbon was achieved by Cai et al in 2010 
(34). They used the halogen included arene, such as 10,10’-dibromo-9,9’-bianthryl monomer and 6,11-
dibromo-1,2,3,4-tetraphenyltriphenylene monomer, as the precursor polymer. The formation mechanism of 
the nanoribbon is as follows (Figure 1.8a): the precursor monomer was firstly dehalogenated and the 
biradical species diffused across the surface and undergo radical addition reactions to form linear polymer 
chains as imprinted by the specific chemical functionality pattern of the monomers. Then the linear polymer 
was heated at higher temperature to experience the cyclodehydrogenation to form the graphene nanoribbon. 
Typically, the 10,10’-dibromo-9,9’-bianthryl monomer was heated at 200 °C firstly to form the linear 
polymer, and then the intermediate was heated at higher temperature (400 °C) to form a nanoribbon, whose 
width is 1.5 nm and the height was 0.4 nm (Figure 1.8b). The scanning tunnelling microscopy (STM) image 
of the polymer and the DFT-simulation result of the material formed after 200 °C heating confirmed the 
formation of the desired linear structure (Figure 1.8c). The formed graphene nanoribbon was found on the 
substrate everywhere through the STM image (Figure 1.8d). The structure of the nanoribbon has been 
confirmed by the Raman spectroscopy and its simulation (Figure 1.8e). The width and the edge structure was 
the same for all the nanoribbons (Figure 1.8f). It is quite essential to synthesize the materials for the practical 
applications in a controllable way. Cai et al. further indicated the edge of the nanoribbon could be tuned by 
using different monomers. Recently, they have even successfully synthesized the graphene nanoribbon 
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heterojunctions using this method by replacing the original monomer with nitrogen-doped ones. The doping 
leads to a band shift of 0.5 eV and an electrical field around 2×10
8
 V m
–1
 formed at the heterojunction, both 
of which make it have great potential for photovoltaics. Although the nanoribbon made by this method is 
quite promising for practical applications, this method has its own drawbacks. We can not freely tune the 
width of the nanoribbons because of the limited species of monomers. Secondly, they are synthesized on the 
gold substrates, and the scalable production is difficult. Finally, the ribbons are too short to be used as 
electronic materials. More efforts should be put on this method to tune its width and length.   
 
 
Figure 1.8. (a) Schematic illustration of synthesizing nanoribbons from the organic monomers. (b) The 
procedure to obtain nanoribbons with a width around 1.5 nm. (c) STM image of the linear polymer formed 
after 200 °C thermal annealing. (d) Overview STM image of the final graphene nanoribbons. (e) The Raman 
spectrum of the graphene nanoribbons and its simulation. (f) The high resolution STM image of the as 
formed graphene nanoribbons. Reproduced with permission from ref. 34. Copyright 2010 Nature Publishing 
group.  
 
1.1.2.4.1.2 Opening the bandgap of graphene using bilayer graphene  
    The inversion symmetric AB-stacked bilayer graphene is a zero-bandgap semiconductor in its pristine 
form. However, the bandgap of the bilayer graphene can be opened by breaking the inversion symmetric of 
the two layers, which can reach up to 0.3 eV (Figure 1.9a-b). Theoretical predictions confirmed this result 
(22, 36). The continuously tunable bandgap has been achieved through an electrical field applied 
perpendicularly to the sample at low temperature, in which case the symmetry of the AB stacked bilayer 
would be broken (37). The gate voltage added on the bilayer graphene can induce the electronic bandgap, 
meanwhile has a carrier doping effect. The carrier doping effect dominates and obscures the signatures of a 
gate-induced bandgap when a single backgate was used. In order to clearly identify the electrical field 
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induced modulation of the electronic bandgap, two gate electrodes should be used (Figure 1.9c). At one gate 
electrode, an electrostatic voltage has been used to induce the bandgap, although the doping effect was also 
prominent. When a sweeping of the voltage at the other gate electrode was proceed, the on-off ratio of the 
drain-source current directly reflected the change of the bandgap (Figure 1.9d). However, the change of the 
bandgap only happens in the very low temperature range, where the thermal disturbance is very small, 
suggesting a bandgap value much lower than theoretical predictions. Later, the direct optically experimental 
evidence of the bandgap has been found by Zhang et al at room temperature using the infrared absorption 
spectroscopy at the Advanced Light Source at Berkeley and a microFourier transform infrared spectrometer. 
In order to improve the on/off current ratio, Xia et al. used a high κ polymer as the top dielectric layer (23). 
This polymer layer can improve the carrier mobility and reduce the influence from outside environment, 
therefore, the original carrier concentration can be reduced and the electrostatic doping effect can be 
enhanced. However, the room temperature on/off ratio is still around 100, far away from the traditional 
silicon based transistors.    
 
Figure 1.9. (a) Schematic of the bilayer graphene under a vertical electrical field. Adapted from ref. 23. 
Copyright 2010 American Chemical Society. (b) Band structure of bilayer graphene near the Dirac points for 
Δg = 150 meV (solid line) and Δg = 0 (dashed line). Adapted from ref. 22. Copyright 2007 American Physical 
Society. (c) Schematic diagram of a double-gated graphene device. (d) Resistance versus top-gate voltage 
measured for different fixed back-gate voltages showing a similar gate-voltage dependence of the height of 
the charge-neutrality peak. Adapted from ref. 37. Copyright 2008 Nature Publishing Group. 
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1.1.2.4.1.3 Opening the bandgap of graphene by stretching it  
    The band structure of the graphene can be modified under uniaxial deformation (24, 25). By stretching the 
monolayer graphene on the flexible substrate, such as PET, a tensile strain up to 0.8% can be loaded onto the 
graphene. This would lead to a big shift of the Raman characteristic peaks. According to the first-principle 
calculation result, a bandgap of 300 meV can be opened for graphene under 1% uniaxial tensile strain. This 
may make the graphene a very useful strain sensor material.  
 
1.1.2.4.1.4 Opening the bandgap of graphene by doping it with atoms or the substrate 
    Doping the graphene with nitrogen atoms can tune the bandgap to a large extent, and the on/off current 
ratio can be largely increased (26). However, the carrier mobility would be greatly reduced because of the 
introduction of defects in the lattice. The epitaxial graphene grown on the SiC substrate with hydrogen 
terminated surface has a very high carrier mobility, reaching 2.5 m
2
/(Vs) (38). According to the study of the 
angle-resolved photoemission spectroscopy (ARPES) data, the SiC substrate could induce the symmetry 
breaking in the two sublattices of the monolayer graphene and a gap of 0.26 eV is produced (39). This gap 
decreases as the thickness of graphene increases and eventually approaches zero when the number of layers 
exceeds four. Therefore, the monolayer graphene grown on the SiC substrate may be quite useful because of 
the high carrier mobility and the suitable bandgap. If other suitable substrates can be found with the same 
functions, the practical applications may be quite promising given the high price of the single crystal SiC 
substrate.  
 
1.1.2.4.2 Increasing the carrier mobility of the graphene by reducing the scattering from the outside 
environment 
    Although the theoretical value of the intrinsic carrier mobility in the graphene is very high, the commonly 
observed value was on the order of 10
3
 cm
2
/(Vs) (40-43). This is because the graphene is composed of only a 
molecular thickness of carbon atoms, the electrical properties of which can be easily influenced by the 
surrounding environments, such as the impurities from the substrate and the absorbed water or oxygen (44-
50). The trapped impurity charges in the SiO2 dielectric layer or in the interface of the SiO2 layer and 
graphene have a very strong Coulomb scattering effect on the carrier transportation (46, 48). The surface 
roughness of the substrate will lead to the disorder in the graphene layer, which will induce an 
inhomogeneous network of electron and hole puddles (50). It is claimed that the surface optical phonons of 
the dielectric layer (SiO2) can also have a scattering effect on the carriers in graphene, although the influence 
is rather limited (51). Various methods have been used to reduce the scattering effect from the outside 
environment, such as annealing the as prepared devices (45, 46, 48, 49), making the graphene suspended (52-
54), supporting it with high κ dielectric layers (47, 55-57), supporting the graphene with a ultra-flat dielectric 
layer (45) and shielding the graphene with the dielectric layers (58). Given the high stability and inertness of 
the monolayer, the high carrier mobility can be preserved by the above methods. Therefore, the opening of 
the bandgap is the essential task for the practical application of graphene as the transistors. 
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1.1.2.5 Other properties of the graphene 
    Other properties of the graphene have also been studied in recent years, such as the superconductivity (59, 
60), magnetic properties (61-64), optoelectronic properties (65-73), plasmonics (74-77), and corrosion 
protection (78). There are many other potential applications of this material waiting for us to explore based 
on its novel properties. All of these applications are indicated to have a bright future, although lots of 
difficulties need to be overcome. Here we will give some brief introduction about some typical properties. 
    The graphene itself would not bear the magnetic property because of the lack of the d and f electrons out 
of the atomic nucleus. However, the introduction of the defects in the graphene or on the edges can lead to 
the sp bonded carbon atom, which is magnetic. The room temperature magnetism of the graphene has been 
found (61). However, the more direct evidence to more clearly illustrate the influence of defects on the 
magnetism of the graphene was the discovery of Kondo effect in the defective graphene (62). This means if 
we can produce regular defects on the graphene, the electrical and magnetic properties of the graphene can 
be controlled, which may have a chance to discover some novel properties.  
    The absorption of the graphene towards the visible light is not so high (2.3%) (10). This means it is not 
suitable for using as a photodetector in the visible light range based on the single component. However, there 
are many other advantages for the graphene as a photodetector from the UV to visible light range. It has very 
good conductivity, which makes the response speed very quick. The zero bandgap structure makes it have 
wide range absorption, from the 300 nm to 6 µm. When it is combined with the other photosensitive material, 
the light response in the UV and visible light range can be greatly enhanced because of the improved 
separation of photocarriers in the interfaces. Additionally, it can be used as the high speed and high sensitive 
photodetector because of the high velocity of carriers in graphene. The absorption at the mid-infrared range 
makes it useful for mid-infrared detection (65).  
    Plasmons are ubiquitous, high-frequency, collective density oscillations of an electron liquid and occur in 
many metals and semiconductors (75). The plasmons in graphene are different from the noble metals 
because of its zero bandgap structure. The carrier concentration of the graphene can be tuned by various 
methods, such as the gate voltage induced doping and the chemical doping, which make the plasmons 
controllable. This makes the graphene very useful in fields related with the plasmonics. For example, the 
graphene can be a very useful material for the Terahertz detection. The Terahertz detection in FETs is 
mediated by the excitation of plasma waves in the transistor channel. When the damping rate of the plasmons 
is slower than the incoming radiation and the inverse of the electron transit time, there would have big 
resonation happens, leading to the strong response signal. This demands the channel material has a very high 
carrier mobility, reaching over several thousand cm
2
/(Vs). At the same time, the damping rate should be very 
low. As we described above, the room temperature carrier mobility of the graphene can reach over ten 
thousands of cm
2
/(Vs) even in the high carrier concentration in the high quality samples (4, 38, 53, 54, 58), 
and the plasma waves would only be weakly damped. These make the graphene plasma based photodetector 
outperform the other terahertz detection technologies (70). According to a recent study, the petahertz 
frequency range detection may also be possible by using the graphene as the channel material if we can 
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control the defects in the graphene, which can be used as the antenna (79). Certainly, the plasmon damping 
rate is the other very key parameters for the petahertz detection. This problem has been solved by tuning the 
gate voltage to be in the Dirac point, where the plasmons would have a very long lifetime.  
    The graphene has a 2D structure and very large surface area. This means it can be used to cover the other 
materials. The honeycomb structure of the graphene is impermeable to all the gases, water and other 
corrosive materials. Furthermore, the very good conductivity is also helpful for the corrosion protection. 
With polymeric anticorrosion coatings, when the corrosion starts at the metal/ coating interface, electrons 
generated by the anodic reaction move through the metal to a cathode site, and complete the corrosion 
reaction. This is the reason that, once the corrosion starts at the interface of the metal and a conventional 
insulating coating, it is difficult to stop. However, when functionalized graphene is incorporated in the 
coating, because of its excellent electrical conductivity, an alternative path for the electrons is provided, so 
that they may never reach a cathode site. These characters of the graphene make it a very good coating 
material for anticorrosion (78). However, there are two important things need to be solved for the practical 
application of graphene in the anticorrosive coating layer: the high cost of the production of graphene and the 
dispersion of them into an existing insulating polymer layer.     
 
 1.1.3 The synthesis of graphene 
    For the practical applications, the production of the graphene is critical and important, which directly 
determines the properties of the materials. Typically, there are four kinds of method to produce the graphene: 
mechanical exfoliation by the scotch tape (4, 10, 11, 80-82), epitaxial growth on SiC (38, 39), in situ growth 
by the chemical vapor deposition (12, 38, 40, 42, 43, 83-90) and exfoliation of the bulk graphite by chemical 
methods (91-101). All of these methods have their own advantages and drawbacks. Here I will briefly 
introduce the development, advantages and drawbacks of each method.  
 
1.1.3.1 Mechanical exfoliation of graphite 
    The first preparation of the high quality graphene sample was by the mechanical exfoliation using the 
scotch tape (4). Since graphite is a stacked  three dimensional structure of graphene, repeatedly peeling the 
layers with scotch tape eventually yields a very thin piece of graphite, which could then be rubbed onto a 
silicon wafer to produce a mixture of few-layer and single-layer graphene flakes. After fine-tuning, the 
technique now provides high-quality graphene crystallites up to 100 µm in size, which is sufficient for most 
research purposes (Figure 1.10). From a typical AFM image of the monolayer graphene, we can see the 
lateral size reaches over 10 µm (Figure 1.10a) (58). The Raman spectrum of the monolayer graphene 
indicates the intensity of the G band (IG at 1580 cm
-1
) is much stronger than the D band (ID at 1360 cm
-1
). 
The G peak is due to the bond stretching of all pairs of sp
2
 atoms in both rings and chains. The D peak is due 
to the disorder in the lattice. Therefore, the large IG/ID in the graphene prepared by the mechanical exfoliation 
indicates the high crystallinity of the material (Figure 1.10b) (102). The direct evidence of the high quality of 
the graphene is the high resolution image and the electron diffraction pattern, the perfect honeycomb 
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structure has been indicated clearly (Figure 1.10c-d) (103, 104). This high quality of the structure makes the 
graphene prepared by this method suitable to discover the intrinsic physical properties, such as the superhigh 
carrier mobility (4) and the quantum Hall effect (60, 105-107). However, as we may notice, the preparation 
of the graphene by this method is impossible to reach a large scale for practical applications. Therefore, other 
methods to prepare graphene for realistic applications are needed. 
      
 
Figure 1.10. (a) AFM image of a monolayer graphene achieved by mechanical exfoliation. Reproduced with 
permission from ref. 58. Copyright 2013 AAAS. (b) The Raman spectra of graphite and a unilamellar 
mechanically exfoliated graphene. Reproduced with permission from ref. 102. (c) High resolution TEM 
image. Reproduced with permission from ref. 103. Copyright 2008 American Chemical Society. (d) Electron 
diffraction pattern of monolayer graphene. Reproduced with permission from ref. 104. Copyright 2007 
Nature Publishing Group. 
 
1.1.3.2 Thermal annealing of the SiC substrate 
    Another method to prepare the high quality graphene is to heat the SiC substrate at high temperature in 
vacuum. The decomposition of SiC will induce the growth of graphite on the surface (38). The layer number 
of graphene grown by this method can be controlled (39), furthermore, the quality of graphene can be pretty 
high. The carrier mobility of the graphene obtained by in situ growing on the SiC substrate can reach 2.7 
m
2
/(Vs), higher than the mechanically exfoliated graphene on SiO2 substrate. However, the SiC substrate is 
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quite expensive. Furthermore, the grain size obtained by this method is very small, on the order of tens of 
micrometers, which limits the application of this route.  
 
1.1.3.3 Chemical vapor deposition  
    The growth of graphene by chemical vapor deposition (CVD) seems to be a more suitable route for the 
large scale production of high quality graphene film. For the synthesis of graphene by CVD method, a 
carbon precursor gas (typically methane) is provided in high temperature and low pressure conditions, and 
goes through a catalytic decomposition reaction on metal substrates or metal layers. The first report on the 
growth of graphene was on a 300 nm nickel layer on the silicon substrate with a 300 nm thickness SiO2 layer. 
The schematic illustration is shown in Figure 1.11 (12). Firstly, a thick layer of nickel (300 nm) was 
deposited on the Si/SiO2 substrate by electron beam deposition. Then the substrate was annealed at 1000 °C 
in H2/Ar atmosphere with carbon source (CH4). Finally, the sample was rapidly cooled to room temperature. 
During the cooling process, the carbon atoms would separate out from the nickel and precipitate on the 
surface of the metal, forming the few layered graphene. The multilayered graphene bear a carrier mobility 
around 4000 cm
2
/(Vs) and very good transparency and mechanical strength, making it a good potential as 
transparent conductive film. The large scale growth of the monolayer graphene was achieved by Li et al, 
using the copper foil as the substrate (43). The carrier mobility can also reach 4000 cm
2
/(Vs) after the similar 
transferring procedure with growing on nickel. As the copper foil bears the benefits of low price and 
flexibility, Bae et al. has grown the large size graphene monolayer (30 inch) and directly transferred it onto 
the flexible substrate, making it a good flexible electronic material (85). In order to achieve the applications 
of the graphene as the FET channel materials, the opening of the bandgap is quite important and critical. As 
we discussed above, the bandgap of the bilayer graphene can be opened using the applied field, therefore, the 
controlled synthesis of graphene is significant for electronic applications of graphene. Lee et al. has 
successfully grown the bilayer graphene on the copper substrate by decreasing the cooling speed of the 
substrate (90). Later, Yan et al. successfully obtained the A-B stacked graphene bilayers on copper by the 
chemical vapor deposition (88). Petrone et al. then discovered that the lateral size of CVD grown graphene 
single crystal can reach the same carrier mobility of the graphene obtained by the mechanical exfoliation 
(89). Then the grain boundary of the film is one of the main problems impede the carrier mobility. Therefore, 
the growth of large size graphene is another important thing needs to be solved. Gao et al. have successfully 
grown the single graphene crystal, whose lateral size reaches millimeter using the Pt as the substrate because 
of the decreased nucleation density (42). The as obtained monolayer graphene shows a carrier mobility 7100 
cm
2
/(Vs), higher than previous reports using the film as the channel material. As the growth of large size 
graphene on the Pt is more expensive than the copper because of the high price of the substrate. Later, the 
others have developed methods to decrease the nucleation density on the copper substrate by reducing the 
impurities and defect density on the Pt substrate or by passivating Cu surface active sites (40, 87, 108, 109). 
Consequently, the size of graphene grain increased from tens of micrometers to submillimeter and several 
millimeters and finally to several centimeters. The layers can be controlled from monolayer to be bilayers. 
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The three dimensional graphene networks have also been successfully obtained by the chemical vapor 
deposition using the nickel foam as the substrate (83). Therefore, the chemical vapor deposition can be taken 
as a promising method to grow high quality graphene for practical applications if the production cost can be 
reduced. Furthermore, the transfer of the graphene to desired substrate is also a big problem need to be 
solved, although there are some methods have been developed so far (12, 41, 42, 110, 111).    
 
 
Figure 1.11. Schematic illustration of the growth of few layered graphene by the nickel and the transfer to a 
desired substrate. Adapted from ref. 12. Copyright 2009 Nature Publishing Group.  
 
1.1.3.4 Chemical exfoliation of the graphite 
    As the high cost to produce the graphene in large scale by the CVD method, an alternative way to 
exfoliate the graphite into unilamellar sheets and then assemble them into desired structures has been 
proposed. The most typical way was to oxidize the graphite into the graphite oxide using the Hummers’ 
method (98), and then exfoliate it into the monolayers under sonication (97). After the synthesis of the 
graphene oxide (GO), a reduction process was then used to reduce it into the rGO. The yield by this method 
is pretty high, which can be almost 100 %. Besides the high yield, the low cost for production and easily 
scalable production make this method more applicable for practical applications. Although the GO 
monolayers have already been obtained by Kovtyukhova et al. in 1999, the most famous work about this 
material was done by Stankovich et al. in 2006 (Figure 1.12a) (96, 97). They made the GO in the same way 
as Kovtyukhova et al, and then modified the GO with the phenyl isocyanate, which can then be added into 
the polystyrene. The conductivity of the composites can reach 0.1 S m
-1
 when 1 vt% graphene-based material 
was added, which was enough for many applications. Because the sheet to sheet junctions would greatly 
limit the resistance of the reduced GO (112), then the production of the large size exfoliated graphene is an 
important problem needs to be solved for applications. In order to prepare large size GO, Jung et al stirred 
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the graphite oxide suspension for a long time instead of the short time sonication, which obtained GO over 
100 µm (113). The other way was to use the large size flake graphite as the precursors for the exfoliation, 
which can also obtain GO with large crystal size (Figure 1.12b) (114). It was indicated the sheet resistance 
has been greatly decreased after reduction by increasing the size of the GO sheets. However, although the 
reduction may be able to remove the oxidative functional groups on the GO, it was impossible to recover the 
carbon network of the 2D sheets, therefore, the conductivity was not comparable with the intrinsic graphene 
crystal. The details on the reduction of GO will be discussed later in the second chapter.  
    In order to exclude the influence of the oxidative agents on the exfoliated graphene, the researchers tried 
to exfoliate the graphene by some organic agents, such as N-methylpyrrolidone (NMP), N,N-
Dimethylacetamide (DMA), g-butyrolactone (GBL) and 1,3-dimethyl-2-imidazolidinone (DMEU) (99). As 
we can see from the Figure 1.12c-d, the layer number of the graphene are mainly around 1-4 layers after the 
centrifugation to remove the unexfoliated one. Although the crystallinity of the single sheet has been 
preserved, the lateral size of the graphene is quite small compared with the GO, and the yield was below 
1wt%. This means the production of graphene by this method is quite expensive. Some other suitable 
intercalation agents may be needed to increase the yield for its practical applications.       
    Other chemical methods, such as the exfoliation of the graphite oxide by arc discharge method (100) and 
direct exfoliation of the graphite by electrochemical exfoliation (115), have also been developed to obtain the 
graphene. However, the more practical methods from the exfoliation methods are the Hummers’ method or 
the modified procedure despite of the reduction procedure.   
 
Figure 1.12. (a) AFM image of small size GO sheets obtained by using the sonication process to exfoliate 
the graphite oxide. Adapted from ref. 96. Copyright 2006 Nature Publishing Group. (b) SEM image of the 
large size GO by using the flake graphite as the precursor. Adapted from ref. 114. Copyright 2010 American 
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Chemical Society. (c) Typical TEM image of the graphene obtained by liquid exfoliation using the NMP as 
the intercalation agents. (d) The histogram distribution of the graphene thickness obtained by the liquid 
exfoliation using the NMP as the solution. Adapted from ref. 99. Copyright 2008 Nature Publishing Group. 
 
1.2 Titanium oxide nanosheets 
1.2.1 The synthesis and structure of the titanium oxide nanosheets 
    The titania nanosheet was firstly synthesized by Prof. Sasaki in 1996 when he was studying the 
intercalation and the swelling behavior of the layered lepidocrocite titanate (116). The preparation process 
has been described in many related papers, which was named soft chemical exfoliation method (116-132). 
The details are as follows: weighed powders of TiO2, K2CO3, and Li2CO3 were mixed at a molar ratio of 
10.36:2.40:0.81 and finely ground together. The mixture was placed in a Pt crucible and heated at high 
temperature (800-1000 °C) to obtain the layered bulk precursor in air or in a K2MoO4 solution. Phase purity 
as K0.8Ti1.73Li0.27O4 was confirmed by XRD data. Next, acid exchange was performed by stirring 
K0.8Ti1.73Li0.27O4 in HCl solution at ambient temperature for 7 days. The HCl solution was replaced daily 
with fresh solution by decantation. The product was recovered by filtration, washed with copious amounts of 
water, and dried in air. The resulting protonated phase of H1.07Ti1.73O4·H2O was exfoliated by treatment with 
a tetrabutylammonium hydroxide solution (C4H9)4NOH or (CH3)4NOH (hereafter TBAOH and TMAOH); 
the molar ratio of H
+ 
in H1.07Ti1.73O4·H2O: OH
- 
in TBAOH or TMAOH = 1:1. Finally, the mixture was 
mechanically or manually shaken until the exfoliation of the protonated bulk precursor into unilamellar 
nanosheets. This soft chemical exfoliation of the layered bulk precursor with the protons in the intergallery 
can be suitable to obtain many other oxide nanosheets (121-123), such as the rubidium oxide nanosheet 
(RuO2), tungsten oxide nanosheet (W2O7
2-
, Cs4W11O36
2-
 and so on), niobium oxide nanosheet (Nb6O17
4-
, 
Nb3O8
-
, TiNbO5
-
, Ti2NbO7
-
, Ti5NbO14
3-
 and so on), manganese oxide nanosheet (MnO2, Mn1-xCoxO2 and so 
on). For the titanium based oxide nanosheets, the details can be found in Table 1 (122). These mean the soft 
chemical exfoliation can be a general method to prepare the unilamellar inorganic nanosheets with different 
functionalities, composition and structures. Here I will focus on the discussion of the titania nanosheets (Ti1-
xO2
4x-
), which is the most studied oxide nanosheets.     
 
Figure 1.13. Schematic illustration of the synthesis of the titanium oxide nanosheet. 
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Table 1.1. A collection of exfoliated titanium oxide nanosheets. 
Type Composition 
Titanium oxide Ti0.91O2
0.36-
, Ti0.87O2
0.52-
, Ti2O3, Ti3O7
2-
, 
Ti4O9
2-
, Ti5O11
2-
,  
Ti1-δO2-δ
2δ-
 (δ=0.175) 
Non-metal doped  
titanium oxide 
Ti0.91O2-xNx (0˂x˂0.03), 
N-TiNbO5 
Metal-doped 
 titanium oxide 
Ti(5.2-x)/6Cox/2O2
(3.2-x)/6-
 (0˂x˂0.4), 
Ti(5.2-x)/6Fex/2O2
(3.2-x)/6-
 (0˂x˂0.8), 
Ti(5.2-x)/6Mnx/2O2
(3.2-x)/6-
 (0˂x˂0.8), 
Ti0.8-x/4/Fex/2Co0.2-x/4O2
0.4-
 (0˂x˂0.8), 
Ti0.8Ni0.2O2
0.4-
 
Ti1.825-xNbxO4
(0.7-x)-
 (0˂x˂0.03), 
 
Ti-binary oxide TiNbO5
-
, Ti2NbO7
-
, Ti5NbO14
3-
 
Ti-ternary oxide Ln2Ti3O10
2-
 (Ln: La, Pr, Sm, Nd, Eu, Gd, 
Tb, Dy), Gd1.4Eu0.6Ti3O10
2-
 
 
 
    The structure of the titania nanosheet has been studied by various techniques, such as the transmission 
electron microscopy (TEM) (133, 134), atomic force microscopy (AFM) (133, 135, 136), scanning tunneling 
microscopy (STM) (137), X-ray Absorption Fine Structure (XAFS) analysis (138) and in plane XRD (133, 
139). Some other methods should also be used to characterize the structure of the titania nanosheet, such as 
the scanning electron microscopy (SEM) and optical microscopy (OM). The unilamellar titania nanosheets 
inherited the in plane structure from its bulk lepidocrocite precursor. From the top view of the nanosheet 
(Figure 1.14a), the material has a rectangular unit cell: a = 0.38 nm; c = 0.30 nm. The repeating number in 
each unit Z = 2. This has been confirmed by the TEM images, its electron diffraction pattern and the in plane 
XRD pattern (Figure 1.14b-e). Coinciding with the composition characterization by chemical analysis using 
the ICP techniques, the defects of the Ti vacancies can be clearly found in the TEM images, leading to the 
unbalanced stoichiometry in the titania nanosheet (Figure 1.14b and d). From the side view of the titania 
nanosheet, we can find the theoretical thickness should be 0.64 nm. However, according to the AFM and 
XAFS study, the thickness was 1-1.2 nm, which is much larger than the ~0.7 nm thickness. There might be 
several possible reasons leading to this result: the change of the layered structure after the exfoliation and the 
adsorption of the organic molecules or water molecules on the surface.    
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Figure 1.14. (a) In-plane structure of Ti0.87O2
0.52-
 nanosheet with a rectangular unit cell: a = 0.38 nm; c = 
0.30 nm; Z = 2. The 2D weight density A2 = 2M(Ti0.87O2
0.52-
)/[a × c × NA] = 2.153×10
-3
 g m
-2
, where 
M(Ti0.87O2
0.52-
) is the formula weight of Ti0.87O2
0.52-
 nanosheet. (b-c) TEM images of the nanosheet and its 
diffraction pattern. (d) Experimental high resolution TEM image at an atomic scale. Reproduced with 
permission from ref. 134. Copyright 2013 Nature Publishing Group. (e) In plane XRD pattern of the titania 
nanosheet monolayer packed on the silicon substrate. Reproduced with permission from ref. 139. Copyright 
2007 American Chemical Society. (f) Side view of the titanium oxide nanosheet, showing a thickness around 
0.7 nm. (g) Three dimensional AFM image of single titania nanosheet. Reproduced with permission from ref. 
136. Copyright 2012 John Wiley and Sons, Inc. 
 
    The average lateral size of the titania nanosheets can range from 5 nm to over 10 µm depending on many 
aspects, such as the size of the bulk precursor, the shaking method and the intercalated molecular agents 
(Figure 1.15). The first report about the titania nanosheets by Prof. Sasaki showed a lateral size around 300 
nm (120, 133). Then another group found that the lateral size of the titania nanosheet can be around 2-5 nm 
if the size of the precursor was very small (140). Tosapol et al. found that the use of the 
tetramethylammonium hydroxide (TMAOH) could be a better intercalation agent to obtain large size titania 
nanosheet than the tetrabutylammonium hydroxide (TBAOH). The sizes of the manually shaking titania 
nanosheets under the TBAOH and TMAOH solution was 2-3 and 5-6 µm, respectively (Figure 1.15b-c). 
From the photoimages of the suspension, we can clearly identify the liquid crystallinity in the TMA prepared 
nanosheet suspension (Figure 1.15d-e). Then the size was increased to be several micrometers by using the 
manually shaking method to exfoliate the large size bulk precursor prepared by the flux method (129). This 
makes the titania nanosheet useful for the electronic applications, such as using as the dielectric layer (135). 
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For practical applications, especially the physically related applications, the large size is always desirable. 
For example, for the application as the dielectric layer, the large size can decrease the chance of breaking 
down ascribed to the carriers go through the edges of the nanosheets. The size may be further increased by 
manually shaking the large size bulk precursor with the TMA as the intercalated agents. However, the other 
limit of the preparation of nanosheets is to control their morphology at a large size, in which case the 
assembly of them into films and the properties of the material can be better controlled. This needs the bulk 
precursor to be homogeneously grown to be a similar size and shape. However, as we know, the preparation 
of the bulk precursor is at a very high temperature, which makes the control of the crystal growth in the 
mediate quite difficult. This is still an unsolved problem for the preparation of high quality nanosheets. The 
other critical thing is to exfoliate the bulk precursor without destroying the morphology of the nanosheets. 
Although we have already well studied this swelling and exfoliation process, there is still a long way to go 
(141-143).    
 
 
 Figure 1.15. (a) AFM image of titania nanosheets prepared using the TBA as the intercalation agents under 
mechanical shaking for one week using the normal size layered bulk precursors. The lateral size was around 
300 nm. (b-c) AFM image of the titania nanosheets prepared by handle shaking using the TBA and TMA as 
the intercalation agents to exfoliate the normal size layered bulk precursors. The lateral size was around 2-3 
and 5 µm, respectviely. (d-e) The photoimages of the titania nanosheet suspensions for preparing (b-c). 
Reproduced with permission from ref. 132. Copyright 2013 American Chemical Society. (f) AFM images of 
the titania nanosheets prepared by handle shaking using the TBA as the intercalation agents to exfoliate the 
large size layered bulk precursors.  
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1.2.2 The assembly of the titanium oxide nanosheets by solution based techniques 
    The titania nanosheets have negative charges on their surfaces due to the existence of Ti vacancies and be 
stable in the suspension, which make them be able to be proceeded by solution based techniques. Here we 
focus on the preparation of the films and the powdery samples. 
    For the preparation of the titania films, there are typically three kinds of methods: layer-by-layer method 
based on the electrostatic force between the polycations and the nanosheets (120, 144), Langmuir-Blodgett 
method (125) and the spin coating (Figure 1.16 a-c). The AFM images of the monolayers prepared by 
different routes are shown in the Figure 1. 16 d-f. We can easily identify the better quality of the films 
prepared by the Langmuir-Blodgett method and the spin coating than the layer-by-layer method. However, 
the layer-by-layer method is the simplest way to prepare the monolayer with controllability to some extent. 
Furthermore, this method can produce the film in a very large scale with a similar coverage, which seems to 
be a more feasible route for some applications because of the low cost for production. From the cross section 
TEM images, we can find the titania nanosheets can be restacked to be a layered structure again (Figure 
1.16g-f).       
 
 
Figure 1.16. (a-c) Schematic of the fabrication process of the nanosheet films: layer-by-layer, Langmuir-
Blodgett method and spin coating. (d-f) Monolayer films organized by the methods in (a-c). (g-i) Cross 
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section images of the multilayers. Reproduced with permission from ref. 135 and ref. 136. Copyright 2006 
and 2012 John Wiley and Sons, Inc. 
 
    There are many methods to make the titania nanosheet based powdery samples, such as the flocculation 
with the protons and the alkali ions (145), or dropping some polycations into the titania nanosheet suspension 
(130), adding the cationic nanosheets into the titania nanosheets suspension (139, 146) and so on (Figure 
1.17). When the protons were added into a mixed I2/titania nanosheet suspension, a pillared structure of the 
powdery titania nanosheets can be obtained (Figure 1.17a-b) (145). When the cationic nanosheets 
(Mg2/3Al1/3(OH)2 and Zn/Cr-LDH nanosheets) were added into the titania nanosheet suspension, the 
superlattice stacked composites can be obtained (Figure 1.17c-d) (139, 146). Another report to prepare the 
titania nanosheet powdery sample was to assemble them onto the substrates with a large surface area, such as 
the ball structured polymer template (Figure 1.17e) (147, 148).  
    These methods to assemble the titania nanosheets to be films or bulk scale powdery samples can be used 
to other kinds of chemically exfoliated 2D materials. Given the easy fabrication of these charged materials 
using solution based techniques, we may be able to find variable practical applications based on the formed 
structures. We will discuss the properties of these formed structures based on the titania nanosheets in the 
next paragraph.    
 
Figure 1.17. (a-b) Flocculated products of the I2/titania nanosheets with a pillared structure. Adapted from 
 ref. 145 with permission of The Royal Society of Chemistry. (c-d) The products by flocculating the titania 
nanosheet with the Zn-Cr LDH nanosheets, showing a mesoporous macrostructure with a superlattice 
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stacked microstructure. Reproduced with permission from ref. 146. Copyright 2011 American Chemical 
Society. (e) LBL assembled titania nanosheets with Al13 Keggin ions on removable polymer templates. 
Reproduced with permission from ref. 148. Copyright 2004 American Chemical Society.  
 
1.2.3 The properties of the titanium oxide nanosheets 
    Recently, Wang et al. have reviewed the titania nanosheets based materials, which have discussed various 
properties and potential applications from the photoinduced applications to electrochemical applications, 
dielectric nanodevices, catalytic applications, biomedical applications, gas barrier layers and so on (122). 
Here I will focus on some photorelated properties and the dielectric properties of this material, which are two 
of the most significant properties and would be used in the later experimental parts (119, 120, 124, 125, 135, 
136, 149-153).   
 
1.2.3.1 The photoinduced properties of the titania nanosheets 
    The earliest study of the titania nanosheets was about its photoinduced properties because the titania 
materials have been studied for a long time and taken as one of the best photocatalytic materials (154). 
Compared with the other titania based materials, typically the nanoparticles, the absorption edge of the 
titania nanosheet suspension has been blue shifted to around 320 nm, which corresponds to a bandgap around 
3.8 eV. This band gap was much larger than the typical anatase nanoparticles (3.2 eV) due to the quantum 
size effect of the unilamellar nanosheets (155) (Figure 1.18a).  In order to determine the band structure of the 
titania nanosheet, Sakai et al. used the optoelectrochemical method to determine the band edges. They found 
that the conductive band edge was 0.12 eV higher than the anatase, and the valence band edge was 0.48 eV 
lower than the anatase (149) (Figure 1.18 b). This large bandgap makes the absorption in the visible light 
range and near UV light range negligible. There are many methods have been adopted to improve the 
absorbance and photocatalytic properties in the visible light range, which is the main part of the solar 
spectrum, such as doping into the titania nanosheet lattice with metallic atoms (156), or nitrogen (157), 
doping the surfaces with the I2 molecules (145) and coupling with the other materials (146, 158) to improve 
the separation of photocarriers. However, the intrinsic properties of the titania nanosheets can not be changed, 
which limits their applications as photocatalysts in the visible range.  
    We can find that the absorbance in the wavelength below 300 nm was very strong because all the atoms of 
the unilamellar sheets are exposed to the light and the scattering is much smaller than the nanoparticles 
because of the two dimensional structure. Typically, over 90 % of the light at wavelength above 264 nm can 
be absorbed for an only 10 nm thickness titania nanosheet multilayer film (120, 152) (Figure 1.18c). 
Therefore, this multilayered film can be used as the UV shield layer. As the layer-by-layer method is simple 
and controllable to some extent, this multilayered film might be suitable for practical applications. 
Additionally, the titania nanosheet has a very strong photocatalytic properties in the UV range. It can be a 
good photocatalyst in some specific environment when the UV is applicable. For example, for the multilayer 
films prepared by the layer-by-layer process, the PDDA layer within the gallery can be decomposed under 
25 
 
the Xenon lamp illumination, leading to the decrease of the interlayer spacing (Figure 1.18d). Because of the 
good photocatalytic property in the UV range and the unique band structure of the titania nanosheets, the 
adsorbed organics, water and oxygen can be decomposed to be some hydrophilic functional groups, which 
make it be suitable to be a light controllable hydrophilic material and self cleaning material (119, 150, 151).   
 
Figure 1.18. (a) The UV-visible absorption spectra of the titania nanosheet suspension and the typical 
anatase nanoparticle suspension. Adapted from ref. 122. Copyright 2014 American Chemical Society. (b) 
The band structure of the nanosheet and the anatase. Adapted from ref. 149. Copyright 2004 American 
Chemical Society. (c) The UV-visible absorption spectra of the titania multilayers during a fabrication 
process. Adapted from ref. 120. Copyright 2011 American Chemical Society. (d) The change of the spacing 
for the titania nanosheet multilayers under UV illumination. Adapted from ref. 119. Copyright 2002 
Ameican Chemical Society.  
 
    Recent progress of the titania nanosheets indicates it can be used as a photocatalytic crosslinker of some 
photosensitive polymers (159, 160). Compared with the other clay platelets, the unilamellar titania 
nanosheets have some benefits: transparent, strong photocatalytic property in the UV range to decompose the 
water to be reactive functional groups, and the big surface area that may provide more reacting points. As 
shown in the Figure 1.19a, the oxygen in the Ti-O octahedron can be the active positions to react with the 
vinyl monomers. Under the UV illumination, the monomers can react on the surface of the titania nanosheets 
to form the long chain polymers, making the sol to be the gel state (Figure 1.19b). The mechanism is as 
follows (Figure 1.19c). Firstly, the titania nanosheets strongly absorb the UV light, and activate the electrons 
from the valence band to the conductive band. As we have shown in the Figure 1.18b, the valence band of 
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the titania nanosheets is very low, which make the photoholes strongly react with the adsorbed water to form 
the active hydroxide radicals. These radicals can react with the vinyl monomers, forming the long chain 
polymers. As these polymers are well crosslinked, the water would be kept in the material. However, under 
the thermal annealing above 33 °C, the polymers would contract. This makes the transparency be greatly 
reduced. Because the process is repeatable, this material can be used as a thermal sensitive material. 
Furthermore, Liu et al. found the photocatalytic activity of crosslinking titania nanosheets allows the 
hydrogels to be conjugated with other objects homo- and heterotropically, so long as the gels contain a 
monomer in addition to water, the source of hydroxyl radicals. All of these properties make the material 
suitable for some biorelated applications. Recently, Liu et al. found that the titania nanosheets could be well 
aligned in the monomer sol under a big magnetic field (159) (Figure 1.19d). After the hydrogelation process 
under UV illumination, an anisotropic hydrogel has been obtained. Besides the structural anisotropy, this 
material would show a totally different optical and mechanical behavior along different direction. All of 
these characters make the new materials have a wide range of potential applications.   
 
Figure 1.19. (a) Schematic illustration of titania nanosheet and molecular structure of vinyl monomers, 
indicating the oxygen atoms in the octahedron was the active position to react with the monomers. (b) 
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Schematic of photoinduced hydrogelation process triggered by titania nanosheets and photoimages of sol and 
gel appearance for samples before and after the hydrogelation. (c) Mechanism illustration of three stages: 
photoexcition (i), photooxidation (ii), and photoinduced hydrogelation (iii). Reproduced with permission 
from ref. 160. Copyright 2013 Nature Publishing Group. (d) Schematic of the orientation of the titania 
nanosheets in a monomer sol under a magnetic flux and the followed hydrogelation process. Reproduced 
with permission from ref. 159. Copyright 2014 Nature Publishing Group. 
 
1.2.3.2 The dielectric property of the titania nanosheets 
1.2.3.2.1 The conception of the dielectric property 
    Here we focus on the basic understanding of the dielectric properties and the advantages of the unilamellar 
titania nanosheets as the dielectric materials. More details about the dielectric nanosheets can be found in a 
recent review paper in our group (136). A definition of the material’s dielectric property includes two parts: 
the ability to increase the charge accumulation between the dielectric layers and the insulating behavior of 
the material. This means the dielectric materials often serve to insulate current-carrying conductors or 
conductors at different voltages. To illustrate the dielectric property of materials, the parallel plate capacitor 
model has usually been used (Figure 1.20). As we can see, when the vacuum was taken as the dielectric 
medium (free space), there would have Q0 charges accumulated between the plates (Figure 1.20a). However, 
when a dielectric slab is inserted into the parallel plate capacitor, the charge accumulation would be 
increased to be Q (Figure 1.20b). A constant εr, named dielectric constant, was used to characterize the 
ability of storing charges between the plates, where εr = Q/Q0. This increase in the stored charge is due to the 
polarization of the dielectric materials by the applied field. There are several polarization mechanisms that 
can contribute to the dielectric constant, such as the electron polarization, ionic polarization, dipolar 
polarization and interfacial polarization. Here we focus on the electron polarization, which are the main 
reason for the nanosheet dielectrics.  
    We firstly talk about the polarization within one atom. Before the applying of an electric field, the net 
charge within a neutral atom is zero (Figure 1.20c). However, when this atom is placed within an external 
electric field, it will develop an induced dipole moment. The electrons, being much lighter than the positive 
nucleus, become easily displaced by the field, which results in the separation of the negative charge center 
from the positive charge center (Figure 1.20d). Therefore, this leads to the accumulation of the polarized 
electrons on the plates. However, as we know, the polarization leads to break the bonds between the atomic 
nucleus and the outside electrons, which needs a very large energy. For the Si atom, 10 eV energy is needed 
to free the outside electrons. Therefore, the electron polarization does not depend on the polarization of the 
electrons within atoms, but the valence electrons in the covalent bonds within the solid. These electrons in 
the covalent solid are not rigidly tied to the ionic cores, and can be easily polarized (Figure 1.20e-f).  
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Figure 1.20. (a-b) Schematic illustration of the parallel plate capacitor with free space and dielectric layer 
between the plates under an electric field, respectively. (c-d) A neutral atom in a electric field E=0 and E, 
respectively. (e-f) The distribution of the valence electrons without and with an applied electrical field.   
 
1.2.3.2.2 The dielectric property of the titania nanosheets 
    As we can see in the Figure 1.14f, the titania nanosheet composes of two layers of TiO6 octahedron, which 
can be polarized under applied electric field (135). This leads the titania nanosheets show the comparable 
dielectric constant compared with the other bulk scale titanium oxide, such as the anatase (εr = 30-40) and 
rutile (εr = 80-100). The dielectric constant of the observed experimental data in the multilayered titania 
nanosheets was 125 even when the thickness of the film was around 10 nm. This value is pretty high 
compared with the conventional bulk oxide dielectric materials (Figure 1.21a). It would not be decreased 
even down to the thickness around 5 nm, different from the bulk oxide materials, whose dielectric property 
would be decreased because of the defects in the material. This indirectly indicates the high quality of the 
nanosheet films. The other key parameter for the dielectric material is its insulating property. The current 
density of these films range from 10
–9–10–7 A cm–2 (at ± 1 V), which are three to five orders-of-magnitude 
lower than those for rutile TiO2 films (∼ 10
–4
 A cm
–2
) of equivalent thickness (Figure 1.21b). This might be 
due to the large bandgap of the titania nanosheet compared with the rutile TiO2, which demonstrates the 
titania nanosheets might be a suitable nanodielectric material. Another important property of the oxide 
dielectrics is the low dielectric loss under the high frequency alternating current, which is because of the high 
response speed of the electron polarization, different from the using of the ion liquid or other ion polarization 
dominated materials. As we can see the dielectric loss is around 2-5% at the frequency around 10
3
-10
7
 Hz 
(Figure 1.21c). Furthermore, the influence of the interfacial dead layer can be excluded by using the titania 
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nanosheets as the building blocks for the dielectric film. This has been proven by the linear relationship 
between 1/C and εr, which goes across the zero (Figure 1.21d). This may be due to the strong photocatalytic 
property of the titania nanosheet, leading to the full decomposition of the organics in the film. Later, Osada 
et al indicated the introduction of the NbO6 octahedron can induce the distortion in the TiO6 octahedron, 
leading to the increased polarization of the oxide nanosheets (Figure 1.21e-f) (161). The highest value of the 
dielectric constant can reach 320 under the optimized composition Ti2NbO7. Besides the improved dielectric 
constant value, the property can also be temperature independent in the Ti2NbO7 nanosheet, making it be a 
suitable candidate as the high temperature dielectric material.         
 
  
Figure 1.21. (a) The dielectric constant of the ultrathin oxide dielectric layers. (b) The leakage current of the 
titania nanosheet film under different thickness. (c) The dielectric constant of the titania nanosheets films on 
different substrates and the dielectric loss. (d) The relationship between the 1/C and the thickness d. 
Reproduced with permission from ref. 135. Copyright 2006 John Wiley & Sons, Inc. (e) Schematic 
illustration of the structural difference in the Nb doped titania nanosheets. (f) The dielectric constant εr of the 
titania nanosheet with different Nb doping contents. Reproduced with permission from ref. 136. Copyright 
2012 John Wiley & Sons, Inc.   
 
1.2.3.2.3 The potential applications of titania nanosheets based on the dielectric property 
    As we described above, the dielectric layer is used to store the charges under the applied electric field. 
Therefore, the most typical applications are using them as the capacitors or the dielectric layers for the gate 
electrodes controlled electronic devices.  
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    For the application of the titania nanosheet as a capacitor, the accumulated charges Q=CV, where C is the 
capacitance and V is the applied voltage. Therefore, we know the ability of the material as a capacitor 
depends on two things: the capacitance of the material C and the breaking down voltage Vb. The capacitance 
C for a parallel plate capacitor can be obtained from the typical formula C=ε0εrS/d, where ε0 = 8.85×10
-12
 F/m, 
εr is the dielectric constant, S is the area of the plate, and d is the thickness of the dielectric layer. Therefore, 
we know the largest accumulation Q=(ε0εrS/d)Vb. The surface area accumulation of charges 
Qs=[(ε0εrS/d)Vb]/S=ε0εrVb/d, which is defined as figure of merit (FOM) in some reported papers (136). 
According to the Figure 1.22, we can find the titanium oxide nanosheets and the niobium oxide nanosheets 
are much better than the traditional materials as a capacitor. Furthermore, the leak current is very small 
compared with the traditional material. The dielectric loss is also very limited because of the electron 
polarization mechanism. However, the biggest advantage of the unilamellar nanosheets as the dielectric layer 
was its nanometer size. As we know, capacitor components based on dielectric thin films are the largest 
elements in integrated circuits, and reducing their size and increasing their speed is an important step in the 
advancement of electronics. However, for the practical applications, we still need to think about the price and 
the feasibility for large scale production. The conventional way to produce the capacitor is to oxidize the 
aluminum foil to grow a thin aluminum oxide on the surface, which can be used as the dielectric layer, and 
then coat another layer of aluminum as the conductive electrode. Therefore, the price is very low and the 
scalable production is quite easy. Although the titania nanosheet as a dielectric layer has plenty of benefits, 
there is a long way to go to compete with the traditionally industrial capacitors. 
     
 
Figure 1.22 The FOM of different oxide materials: traditional oxide materials (yellow triangles and red 
squares) and oxide nanosheets in our group (blue circles). Reproduced with permission from ref. 136. 
Copyright 2012 John Wiley & Sons, Inc. 
 
    Another important application of the high dielectric constant is using it as a dielectric layer for a field 
effect transistor. The field effect transistor is a kind of device that by injecting carriers into the channel to 
tune the conductivity of the channel material (Figure 1.23). As we know from the last paragraph, the 
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accumulated charges Q=(ε0εrS/d)V, where V is the applied voltage. This means the gate voltage induced 
carrier concentration is related with the dielectric constant εr, and a larger dielectric constant can induce 
larger change in the conductivity. Although the polymer dielectric layers can have a very high dielectric 
constant (47), the ion polarization mechanism makes them be not suitable for the high frequency field effect 
transistors. Besides the large εr, the main advantage is still the ultrathin thickness of the dielectric layer, 
which means more devices can be integrated into the same space than using the traditional oxide dielectric 
materials. The application of the titania nanosheets as a dielectric layer for FET devices is still at the initial 
stage, and more studies are needed.  
 
 
Figure 1.23. A typical back gate FET device. By applying a gate voltage between the drain and the gate 
electrodes, an electric field between them would induce the electron charge injection into the channel.   
 
1.3 Van der Waals heterostructures 
    Besides the study on the single component of nanosheets, a new topic about the two dimensional materials 
has appeared by heteroassembling different 2D materials in recent years. As we can imagine, the strong 
coupling effects of two materials with molecular scale thickness stacked together would greatly tune their 
properties. Hetero-assembling different 2D materials may have a chance to integrate multiple functionalities 
into one single object. Additionally, it may also be plausible to discover new phenomena or properties given 
the coupling effect of the ultrathin nanomaterials. Therefore, the study of the 2D heterostructures is quite 
important and critical for the scientific research and practical applications of the 2D materials.    
    The first paper that really attracts wide range attention in the 2D heterostructures was published by Dean 
et al. when they intended to improve the transportation property of the graphene by using the hexagonal 
boron nitride (h-BN) as the substrate (45). The heterostructures prepared by them was then called van-der-
Waals heterostructures by Geim in one of his review paper (162). It deals with heterostructures and devices 
made by stacking different 2D crystals on top of each other. The basic principle is simple: take a monolayer, 
put it on top of another monolayer or few-layer crystal, add another 2D crystal and so on. Because the 
assembly and coupling effect of the two 2D materials are due to the van der-Waals force between the two 
species, this kind of 2D heterostructures is named van-der-Waals heterostructures. From then on, fruitful 
results have been obtained based on the van-der-Waals heterostructures achieved by using a scotch tape 
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transferring technique, such as the discovery of Hofstadter’s butterfly (163) and the ultrahigh carrier mobility 
(45) in the hexagonal boron nitride (h-BN) and graphene heterostructure. As plenty of new phenomena and 
novel properties have been discovered, it would be very difficult to give an exhaustive compilation of all of 
the literature in this field. Here we present only a collection of representative examples that illustrate the 
different materials and methodologies relevant to the development of van der-Waals heterostructures.  
 
1.3.1 Van der Waals heterostructures prepared by the scotch tape transferring method 
    Although plenty of new phenomena or properties may be predicted in this new field, the fabrication of the 
heterostructures is the key to explore the strong coupling effects between different 2D materials. Different 
from the fabrication of the single component electronic devices, the fabrication of the heterostructures needs 
to accurately stack the two species in micrometer scale into one object. Therefore, there are plenty of 
difficulties need to be overcome. In the first report of the van-der-Waals heterostructure, Dean et al. used a 
mechanical transferring method to heteroassemble the boron nitride nanosheet and the graphene (45). The 
process is as follows (Figure 1.24a). Firstly, a bare Si chip is coated with ~1 μm thickness of poly-propylene 
carbonate (PPC). Graphene are exfoliated onto the surface of the PPC and examined by optical microscopy, 
and then the desired graphene layer is covered by the PMMA layer. After removing the PPC layer in the 
water, the PMMA layer was floated on the water, and it was picked up onto a glass slide. With the help of 
the optical microscopy, we can attach the desired graphene onto the h-BN nanosheet, which was attached on 
the substrate by the mechanical exfoliation of the bulk h-BN crystal, by carefully adjusting the slides on top. 
After removing the PMMA layer, the graphene-on-h-BN configuration has obtained. The roughness of the h-
BN nanosheet (14 nm) was only 1/3 of the roughness of SiO2, which greatly reduced the roughness of the 
graphene settled on top (Figure 1.24b). This means the roughness induced scattering would be greatly 
reduced. Furthermore, the scattering from the charged impurities in the SiO2 substrate can also be reduced by 
separating the graphene and the SiO2 substrate with thick h-BN nanosheets. From the transport measurement, 
the carrier mobility of the graphene has increased 3 times by settling the graphene on the h-BN nanosheet 
instead of the SiO2 substrate (Figure 1.24c). Although this method is suitable to fabricate two components 
into one subject, it is difficult to assemble multiple stacks together, which may easily introduce some bubbles 
into the stacks (Figure 1.24d). However, the scientists still have successfully discovered many intriguing 
properties based on the method by combining different 2D materials besides the graphene/h-BN nanosheet 
heterostructures (164-171). For example, photoinduced carrier doping has been discovered in the 
heterostructures of the graphene and h-BN nanosheets (164). In a transition metal dichalcogenides 
(TMDCs)/graphene stacks, the photoresponsivity can reach 0.1 AW
-1
, corresponding to an external quantum 
efficiency of above 30% (168). When a bilayer graphene was coupled with the h-BN nanosheet, the 
Hofstadter’s butterfly predicted 40 years ago has been experimentally proved (163). Therefore, this 
assembling method opens a new field, which is quite important for the study of 2D material.   
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Figure 1.24. (a) The process for mechanical transferring method to heteroassemble the h-BN nanosheet and 
the graphene. (b) Histogram of the height distribution (surface roughness) measured by AFM for SiO2 (black 
triangles), h-BN (red circles) and graphene-on-h-BN (blue squares). Solid lines are Gaussian fits to the 
distribution. (c) Resistivity-gate voltage relationship measured on a single flake panning both BN and SiO2 
substrate regions. Inset left shows corresponding conductivities. Inset right shows optical image of the 
sample where the dashed line outlines the graphene (T = 4 K). Adapted from ref. 45. Copyright 2010 Nature 
Publishing Group. (d) Optical and SEM images of a vertically aligned multilayered devices, and the high-
resolution bright-field aberration-corrected STEM image. Adapted from ref. 165. Copyright 2012 Nature 
Publishing Group. 
 
    In fact, the fabrication of the multilevel stacks without contamination is quite important for some scientific 
studies. For example, if we want to totally exclude the influence from the outside environment, such as the 
adsorbed water or hydrocarbon, on the electrical properties of the graphene, we may need to cover both sides 
of the graphene with the h-BN nanosheets. Wang et al. developed a dry transfer technique (Figure 1.25a) 
(58). Typically, for the preparation of h-BN/graphene/h-BN multilayers, the mechanically exfoliated h-BN 
and graphene were firstly attached on the substrate. Then a PPC layer and a polydimethyl siloxane (PDMS) 
layer was coated onto the surface of one h-BN nanosheets, and then peeled off from the substrate. The 
polymer layer with the h-BN nanosheets was transferred to the graphene with the help of the 
micromanipulator under the optical microscope. The graphene would have a stronger van der Waals force 
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with the h-BN than the SiO2 substrate, and we can peel the polymer film from the substrate and transfer it to 
the other h-BN nanosheets. Finally, we can obtain the h-BN/graphene/h-BN stacks. The high quality of the 
stacks has been indicated by the optical image and the cross section TEM image (Figure 1.25b-c). Then they 
fabricated the edge contact device based on the procedure in Figure 1.25d. The high quality of the interface 
and the contact has been proved by the EELS mapping. Based on the new configuration, they found the low-
temperature ballistic transport over distances longer than 15 µm, and room-temperature mobility comparable 
to the theoretical phonon-scattering limit (58). As this method can exclude the influence from the 
contamination on the interfaces and the multilevel stacking of the nanosheet is possible, it can be used to 
examine the real coupling effect of the different nanosheets and discover the interaction of the multilayers. 
For example, in an h-BN/graphene/h-BN configuration, the tunable fractional quantum Hall phase in a 
bilayer graphene has been discovered because of the high quality bilayer graphene without contamination 
(172). We may be able to discover more intriguing intrinsic properties based on the new fabrication process.   
 
Figure 1.25. (a) Schematic of the van der Waals technique for polymer free assembly of layered materials. 
(b) Optical image of the h-BN/G/h-BN multilayers. (c) The high-resolution cross section ADF-STEM image 
of the device in (b). (d) The fabrication procedure of the edge contact graphene device. (e) EELS map of the 
interface between the graphene edge and metal lead. Reproduced with permission from ref. 58. Copyright 
2013 AAAS. 
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1.3.2 Van der Waals heterostructures prepared by chemical vapor deposition based on the epitaxy 
growth from the bottom layer 
    Although plenty of intriguing properties have been discovered in the van der Waals heterostructures, the 
scalable production of the material is required. Significant efforts have been contributed to the epitaxial 
growth of the second layer on top of the first layer without considering the lattice mismatch of them. For 
example, the MoS2 nanosheets can be grown on top of the graphene monolayer by the chemical vapor 
deposition (Figure 1.25a) (167).  For the lattice matched graphene and h-BN nanosheet, they can be grown 
on each other based on the epitaxial growth mechanism (Figure 1.25b-c) (173). However, as we can notice 
the weak interlayer interaction generally favors the island growth rather than that of continuous monolayers. 
It seems the most feasible approach to industrial-scale production of van der Waals heterostructures involve 
growing individual monolayers on catalytic substrates, then isolating and stacking these 2D sheets (Figure 
1.26d) (174). However, such a route by using the chemical vapor deposition is quite expensive for the large 
scale production of van der-Waals heterostructures, which impedes the practical applications of this method.     
 
Figure 1.26. (a) AFM image of MoS2 nanoflakes on CVD graphene/Cu foil substrates. Reproduced with 
permission from ref. 167. Copyright 2012 American Chemical Society. (b) Schematic illustration of the 
epitaxial growth mechanism of graphene on h-BN nanosheet. (c) AFM image of h-BN nanosheet on h-BN 
nanosheet. Reproduced with permission from ref. 173. Copyright 2013 Nature Publishing Group. (d)  Quasi-
freestanding epitaxial graphene transistors fabricated on a 75 mm SiC wafer upon which a 50 mm×50mm h-
BN sheet is transferred to and subsequently patterned. Reproduced with permission from ref. 174. Copyright 
2012 American Chemical Society.  
 
 
 
36 
 
1.4 Ideas and goals of my PhD study 
    From the previous reports on 2D heterostructures, we can see the study of them is quite important and 
critical for the scientific research and practical applications of the 2D materials given the strong coupling 
effects between the molecular scale thickness species. However, the scalable production of van der Waals 
heterostructures of the 2D materials comes across plenty of problems, which may still need a long time to 
find its position in the industrial applications. Is there any feasible route to produce the 2D heterostructures 
that is suitable for the practical applications? 
    In Sasaki’s group, we have studied the exfoliation of layered materials near twenty years since his first 
successful experience in exfoliating the protonated titanate to be titania nanosheets in 1996, and a series of 
unilamellar nanosheets have been obtained, all of which bear the benefits of scalable production and high 
quality. Furthermore, the chemically derived nanosheets usually bear charges and are stably dispersed in 
solution, which enables one to integrate them into desired structures under solution-based processes. In 
addition, a rich species range in chemically derived nanosheets bearing different functions gives limitless 
choice, and the low cost of their large scale production provides a more feasible route toward practical 
applications. Therefore, in this study, we aims to develop methods to assemble chemically derived 
nanosheets into superlattice structures in a large scale and to fabricate real films and composites using the 
GO and titania nanosheet as an example. 
    Furthermore, the properties related with these two species will also be examined. Chemically derived 
graphene, or GO, was obtained by the chemical oxidation of graphite followed by exfoliation. Most of the 
superior properties of graphene have been inherited by the GO. Therefore, the GO can be taken as a good 
electronic material. However, the reduction of the GO is required for its applications while utilizing its 
electrical conductivity as the most attractive property. While the titania nanosheet has a high photocatalytic 
activity. Thus, it is of great importance to try the reduction of the GO using the titania nanosheets based on 
their clean and room temperature photocatalytic reduction process. Furthermore, the titania nanosheets show 
superior dielectric and semiconducting properties, with which the electrical and opto-electrical properties of 
reduced GO (rGO) may be widely modulated.    
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1.5 Main work of this study 
    In this study, the two most important nanosheets, GO and titania nanosheet (Ti0.87O2
0.52-
), were employed 
to fabricate superlattice heterostructures, films and composites, by solution-based techniques. The 
photocatalytic reduction of the GO by Ti0.87O2
0.52-
 was studied and the electrical and optoelectronic properties 
of the resulting rGO-Ti0.87O2
0.52-
 films were also investigated. The thesis is composed of four parts:  
(1) Fabrication of superlattice films of (GO-Ti0.87O2
0.52-
)n and their in-situ photocatalytic reduction  
(2) Electrical properties of the reduced films of (rGO-Ti0.87O2
0.52-
)n and their modulation upon light    
illumination  
(3) Tuning of the surface charges of anionic nanosheets  
(4) Bulk-scale production of GO/Ti0.87O2
0.52-
 superlattice composites    
 
    In Chapter 2, we fabricated the GO-Ti0.87O2
0.52-
 superlattice film based on the layer-by-layer method using 
the PDDA as the counterions. The multilayer films have been characterized by the AFM, UV-vis absorption 
spectroscopy, XRD simulation and so on. The as fabricated multilayer films were reduced by the 
photocatalytic reduction process. The reduction of the GO and the decomposition of the PDDA have been 
studied by the UV-vis absorption spectroscopy, XRD, XPS and the sheet resistance measurement.  
    In Chapter 3, the electrical properties of the as reduced film and its modulation under UV illumination 
have been examined based on the field effect transistor devices using the reduced film as the channel 
materials. The great modulation of the various electrical parameters has been carefully studied and explained.  
    In Chapter 4, the modification of the anionic nanosheets by the long chain cationic polymer solution has 
been studied. The change of the surface charges, functional groups, thickness and lateral size have been 
carefully studied. 
    In Chapter 5, the flocculation of the modified nanosheet suspension, which are positively charged, and the 
other anionic nanosheet suspension has been examined based on an invented novel procedure. The 
superlattice structure of the composites has been proven by the XRD and TEM analysis.      
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Chapter 2. Fabrication of superlattice films of  
(GO-Ti0.87O2
0.52-
)n and their in-situ photocatalytic reduction 
 
 
2.1 Introduction 
    Over the last ten years, great research attention has been paid to the two-dimensional (2D) nanoscale 
materials from a wide range of perspectives (1-4). The origin of this research focus is the successful isolation 
of the few layered graphite by mechanical exfoliation method using the scotch tape. Since then plenty of 
remarkable properties based on this material have been discovered, such as the remarkably high electrical 
conductivity (5-7), high mechanical properties (8), good optical properties (9) and so on. Thus, a wide range 
of applications have been explored based on the superior properties of graphene, among which the electrical 
property of this material has attracted main attentions from the scientists (5, 6, 10, 11). Graphene oxide (GO) 
is the most common derivative of graphene, which inherits most of the superior properties in graphene. 
Therefore, it can also be taken as a good candidate as electronic materials. Furthermore, GO can be produced 
at a large scale via a relatively facile process. Firstly, the graphite was oxidized to be graphite oxide, and 
then the graphite was exfoliated to be unilamellar of few-layered GO under sonication or shaking (12-15). 
Usually the GO can be well dispersed in a colloidal suspension state because of the modified oxidative 
functional groups on the surfaces, which make the sheets negatively charged. This makes the GO processable 
by solution based techniques to form desired nanostructures, such as the films and powdery samples (12-14). 
However, for practical applications of the GO, especially using it as an electronic material, a post-reduction 
procedure is required to restore the sp
2
 domains after the fabrication (16-18). 
     Besides the graphene based materials, other 2D nanomaterials have also been extensively explored in 
these years. As we can imagine, different 2D materials bear different compositions and structures, which 
leads to a vast variety of functionalities (1-3, 19). Among them, the oxide and hydroxide nanosheets can be 
taken as an important class of 2D materials that have been well studied (3, 19). Since the end of last century, 
several groups have demonstrated that a series of layered compounds can be homogeneously exfoliated into 
unilamellar 2D crystallites by using a traditional intercalation and swelling procedure under shaking, in 
which the small size organic molecules have been taken as the intercalating agents (20, 21). So far, a huge 
number of oxide and hydroxide unilamellar nanosheets have been achieved by using this method in Sasaki’s 
group (3). Because of the considerable diversity of species, these nanosheets exhibit unique chemical and 
physical properties to their bulk precursors to a wide range (22, 23). Titania nanosheets are the most studied 
oxide nanosheets since their discovery in 1996. They exhibit versatile functionalities, such as highly efficient 
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absorption of UV light, superior photocatalytic activity and dielectric properties (24-26). Therefore, the 
titania nanosheets might be a good material to reduce the GO and at the same time greatly tune the electrical 
and optoelectrical properties of the as reduced GO (rGO).  
     At the same time, intensive research efforts have been contributed to the precise organization using 2D 
materials as building blocks in recent years (2, 3, 22, 23). The ultrathin nanosheets are ideally suitable to be 
integrated into desired structures in an accurate way, which can induce the strong coupling effects between 
two species. We can expect the integration of multiple functions into one subject or the discovery of novel 
phenomenon in the heteroassemlies given the strong coupling effects in the molecular scale thickness 
nanosheets. To date, a couple of reports on the van der-Waals heterostructures and the oxide nanosheets 
heteroassembly have demonstrated the effectiveness of this strategy. For example, heteroassemblies 
composed of graphene and transition metal dichalcogenides or h-BN nanosheets were created as vertically 
aligned field-effect transistors (FETs), and high current density and high on/off ratio was demonstrated in 
these systems (27, 28). Furthermore, high photosensitivity was reported in such heteroassemblies because of 
the highly separation of photocarriers at the interfaces (29, 30). Plenty of novel properties have also been 
discovered in the oxide nanosheet heterostructures: ferroelectricity in the heteroassemblied dielectric 
nanosheets films composed of LaNb2O7
-
 and Ca2Nb3O10
-
 (31), photochemical energy conversion in a system 
composed of semiconducting Ti0.91O2
0.36-
 and redoxable MnO2
0.4- 
(32) and highly enhanced magneto-optical 
properties in a superlattice film including ferromagnetic nanosheets of Ti0.8Co0.2O2
0.4-
 and Ti0.6Fe0.4O2
0.4-
 (33). 
Therefore, it would be of significant importance to explore the properties of the heterosystem composed of 
graphene and titania nanosheets given the above mentioned novel properties in the 2D hetero-system. 
Although there have been a couple of references talked about the hybridization of GO and Ti0.91O2
0.36-
 
nanosheets, the alternating integration at the molecular level was not demonstrated, which is quite important 
to explore the real coupling effects between two kinds of nanosheets (34-36). Furthermore, the electrical 
properties of such a heterosystem have not yet been explored. 
     In this chapter, firstly, I will talk about the fabrication of the heteroassemblied film composed of GO and 
Ti0.87O2
0.52-
 nanosheets by a layer-by-layer method. The structure of the film has been characterized by 
various techniques. Then the reduction of GO in the heterostructured film under UV light based on the 
photocatalytic action of Ti0.87O2
0.52-
 nanosheets will also be presented. In the next chapter, I will discuss 
about the electrical and optoelectrical properties of the as reduced films.  
 
2.2 Experimental section 
2.2.1 Synthesis of GO and Ti0.87O2
0.52-
 nanosheets 
    GO was synthesized by a modified Hummers’ method using the natural graphite flake (Wako, 99.999% 
purity, 100 mesh) as the original material (15). Firstly, 1 g of graphite, 1.2 g of KNO3 and 50 cm
3
 of H2SO4 
were mixed in a 1000 cm
3
 beaker. Then, 6 g of KMnO4 was slowly added. The solution was maintained at 
room temperature for 6 h under stirring. After that, 30 cm
3
 of water was slowly dropped into the solution, 
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and the temperature of the suspension was maintained at room temperature. Then, 200 cm
3
 of water was 
added to dilute the suspension and 6 cm
3
 of H2O2 was injected to neutralize the excessive oxidative agents. 
The color of the suspension was turned to be light yellow. The resulting mixture was diluted to 1000 cm
3
 
with water. Then a centrifugation and dilution process was repeated several times until the pH value of the 
solution was greater than 5 to remove the excessive protons.  
    For the preparation of the Ti0.87O2
0.52-
 nanosheets, the detailed procedure has been reported in our previous 
paper (20). TiO2, K2CO3, and Li2CO3 powders were finely ground together at a molar ratio of 
10.36:2.40:0.81 to form a desired composition K0.8Ti1.73Li0.27O4. The mixture (10 g) was heated in a platinum 
crucible at 1173 K in air for 30 minutes to be decarbonated. After cooling down, the powder was ground and 
calcined at 1273 K for 20 h. Phase purity of the final products was confirmed by XRD. In the second step, 
acid exchange was performed by stirring 10 g of K0.8Ti1.73Li0.27O4 in 1 dm
3
 of a 1 M HCl solution to form a 
protonated phase H1.07Ti1.73O4. The HCl solution was changed with fresh solution by decantation every day. 
The final product was recovered by filtration, washed with copious amounts of water, and dried in air. The 
resulting protonated phase of H1.07Ti1.73O4·H2O was exfoliated using the tetrabutylammonium hydroxide 
solution (C4H9)4NOH (hereafter TBAOH) as the intercalating agents under mechanical shaking; the molar 
ratio of H
+ 
in H1.07Ti1.73O4·H2O to the OH
- 
in TBAOH equals 1:1. The shaking speed of the solution was 180 
rpm, and the shaking time was one week. The resulting suspension contained monodispersed unilamellar 
nanosheets with an average lateral size of ~300 nm. 
 
2.2.2 Preparation of films by layer-by-layer method and photocatalytic reduction of GO 
    For the preparation of the multilayered films, typically, there are three kinds of methods: Langmuir-
Blodgett method, spin coating and electrostatic adsorption. The simplest but controllable way is to adsorb the 
nanosheets in suspension onto the substrate based on the electrostatic attraction force with the polyions. In 
this study, GO and Ti0.87O2
0.52-
 nanosheets were adsorbed from their colloidal suspensions onto a quartz glass 
substrate with intermittent dipping into a poly(diallyldimethylammonium) (PDDA) solution (20 g dm
-3
, pH = 
9), which was used as the counterions. The substrate was immersed in each solution for 20 min, rinsed 
thoroughly with ultrapure water and dried with a N2 gas stream. The coverage of monolayer films on the 
silicon substrates was characterized by atomic force microscopy (AFM, SPA400, Seiko Instruments Inc.). 
The fabrication of the multilayer films was monitored using the UV-visible absorption spectroscopy 
(SolidSpec-3700 DUV spectrophotometer, Shimadzu), which has also been used to characterize the 
reduction process of the multilayered films upon UV illumination. The structural changes in the films during 
the reduction process were characterized by XRD (Rigaku RINT 2200 powder diffractometer with 
monochromated Cu Kα radiation, λ = 0.15405 nm). The electrical conductivities of the heterostructured films 
before and during the photocatalytic reduction were measured by a resistance meter (MCP-HT450, 
Mitsubishi Chemical Analytech) with a coaxial two-electrode probe. XPS (Theta probe by Thermo Electron) 
was employed to examine the GO reduction process. 
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2.3 Results and discussion 
2.3.1 Fabrication of the densely packed GO and Ti0.87O2
0.52-
 monolayers 
    As described in the experimental parts, GO and Ti0.87O2
0.52-
 nanosheets were prepared using the modified 
Hummers’ method (15) and the soft-chemical exfoliation method (20). The unilamellar nature of the as-
prepared GO and Ti0.87O2
0.52-
 nanosheets was proven by AFM (Figure 2.1), showing a thicknesses of ~0.8 nm 
and ~1.1 nm for both nanosheets. Because GO and Ti0.87O2
0.52-
 nanosheets are negatively charged, we 
assembled these nanosheets layer-by-layer using PDDA chloride as the counterions agents (Figure 2.2). To 
obtain the densely packed monolayers are critical to achieve a molecular level contact in a heterostructured 
film, in which case the coupling effects can be best reflected. For the preparation of GO monolayers, we 
examined the surface coverage with GO sheets under different GO concentration, which is the key parameter, 
by AFM observations while fixing the other parameters (pH = 9, deposition time = 20 min). The surface 
coverage of the monolayer increased as the concentration in the suspension increased (Figure 2.3-2.4). The 
optimized concentration for the GO was 0.04 g dm
-3
, under which the coverage reached 90% for the 
substrate surface, 50% for the monolayer region and 40% for the overlapped patches (Figure 2.3e and 2.5, 
Table 2.1). For the preparation of the titania nanosheet monolayer, the optimized concentration was 0.08 g 
dm
-3
, under which a total coverage of 90% with the monolayer region coverage of 50% was achieved (Figure 
2.6 and Table 2.1).  
 
 
Figure 2.1. Typical AFM images of (a) GO and (b) Ti0.87O2
0.52-
 nanosheet, showing a thickness of 0.8 and 
1.1 nm, respectively. Statistical analysis indicates an average lateral size of 1 µm and 300 nm, respectively. 
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Figure 2.2.  Process for fabricating (PDDA/GO/PDDA/Ti0.87O2
0.52-
)n superlattice films via the layer-by-layer 
method. 
 
 
Figure 2.3. Typical AFM images GO films fabricated using different concentrations of GO suspensions:  
(a) 0.005, (b) 0.01, (c) 0.02, (d) 0.03, (e) 0.04 and (f) 0.05 g dm
-3
. 
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Figure 2.4. Coverage and film quality versus the GO concentration. Height profiles of the AFM images were 
used to estimate the coverage. Three discrete peaks attributable to the uncovered surface, monolayer, and 
overlapped region were used to estimate their proportion by peak deconvolution.  
 
 
 
 
 
Figure 2.5. AFM images of the GO monolayer prepared under the optimized concentration (c=0.04 g dm
-3
) 
at difference scale: (a) 100 and (b) 5 μm. 
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Figure 2.6. AFM images of the GO monolayer prepared under the optimized concentration (c=0.08 g dm
-3
) 
at difference scale: (a) 20 and (b) 5 μm. 
 
 
Table 2.1. The composition of the GO and Ti0.87O2
0.52-
 monolayer under the optimized condition 
 Total coverage Single layered area Double layered area 3-5 layers 
GO monolayer 87.5 % 49.3 % 25.8 % 12.4 % 
Ti0.87O2
0.52-
 monolayer 90.4 % 52.3 % 23.9 % 14.1 % 
 
 
2.3.2 Construction of the (GO-Ti0.87O2
0.52-
)n multilayer films 
     We constructed heteroassembled films of (PDDA/GO/PDDA/Ti0.87O2
0.52-
)n and multilayers of 
(PDDA/GO)n and (PDDA/Ti0.87O2
0.52-
)n by repeating the deposition of each nanosheet with PDDA in a 
designated sequence. At the first beginning, the UV-visible absorbance for the optimized monolayer was 
measured by assembling it onto a quartz substrate (Figure 2.7). For the GO, there are two absorption peaks, 
230 and 300 nm, which are due to the p–p* transition and the n–p transition of C=O (37). As we know, both 
sides of the quartz slides would adsorb the GO, therefore, the absorbance is due to two monolayers of the GO, 
although only one cycle of deposition was proceeded. If we take the GO monolayer prepared on the silicon 
substrate and the quartz substrate as the same, we may be able to calculate the absorbance of a 100 % 
covered GO film without overlaps at the peak position (λ = 230 nm) A=0.037/[2×(1×49.3 %+2×25.8%+3-
5×12.4%)=0.011-0.013. For the Ti0.87O2
0.52-
 nanosheets, the calculated absorbance at 264 nm for a 100 % 
covered monolayer film without overlap A=0.050-0.060. This was similar with previous reported results 
obtained from the titania nanosheet monolayers assembled by Langmuir-Blodgett method, which was an 
accurate assembling technique (38). Because the absorbance of the optimized monolayer prepared by our 
electrostatic deposition was near the theoretical value of a 100 % cover monolayer without overlaps, we then 
used these monolayers to construct the superlattice structures of different nanosheets.  
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Figure 2.7. UV-vis absorbance of the (a) GO and (b) titania nanosheet film after one cycle of deposition, 
which was prepared on the quartz substrate under the optimized condition by the layer-by-layer method. 
  
    The assembling process of the multilayer films on quartz substrates was monitored using UV-visible 
absorption spectra. At first, we prepared the (PDDA/GO)10 and (PDDA/Ti0.87O2
0.52-
)10, which can be taken as 
references for the heterostructures of them (Figure 2.8). The linear enhancement of the absorbance at the 
peak positions indicates the good repeat of this procedure and the successful fabrication of the multilayers, 
proving the feasibility to use the monolayers as building blocks to construct the desired heterostructured 
multilayers.  
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Figure 2.8. UV-visible absorption spectra in the multilayer buildup process for (a) (PDDA/Ti0.87O2
0.52-
)10, (b) 
(PDDA/GO)10, and (c) (PDDA/GO)5. Experimental conditions: deposition time of 20 min and nanosheet 
concentrations of 0.08 g dm
-3
 for Ti0.87O2
0.52-
 and 0.04 g dm
-3
 for the GO suspension.  
 
    Then the heterostructured films were fabricated based on the layer-by-layer method under the optimized 
condition for preparing monolayers. AFM images of a film of PDDA/GO/PDDA/Ti0.87O2
0.52-
 fabricated on a 
Si substrate, in which smaller Ti0.87O2
0.52-
 nanosheets were resolved on top of larger GO sheets (Figure 2.9). 
The fabrication of multilayered films (PDDA/GO/PDDA/Ti0.87O2
0.52-
)5 and (PDDA/GO/PDDA/Ti0.87O2
0.52-
)10 
on quartz substrates was monitored by the UV-vis absorption spectroscopy. Enhancement in the absorbance 
due to GO and Ti0.87O2
0.52-
 nanosheets was observed after each designated deposition, which suggests that the 
target nanostructured films were successfully constructed (Figure 2.10).  
 
 
Figure 2.9. AFM images of the GO/Ti0.87O2
0.52-
 bilayer connected by PDDA prepared under the optimized 
concentration at different scale: (a) 20, (b) 5 and (c) 2.5 μm.  
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Figure 2.10. UV–visible absorption spectra for the assembly process of (a) (PDDA/GO/PDDA/Ti0.87O2
0.52-
)5. 
and (b) (PDDA/GO/PDDA/Ti0.87O2
0.52-
)10. 
     
2.3.3 Structural characterization of the (GO-Ti0.87O2
0.52-
)n multilayer films 
    XRD was used to characterize these multilayer films. The peaks at approximately 5-10° were from the 
lamellar structures of the stacked nanosheets (Figure 2.11). The d spacing for (PDDA/GO)10 and 
(PDDA/Ti0.87O2
0.52-
)10 were 1.25 and 1.46 nm, similar to those reported in literature (26). The XRD pattern 
for the (PDDA/GO/PDDA/Ti0.87O2
0.52-
)5 films showed a Bragg peak centered at 2θ = 6.5°, indicating a 
spacing of 1.35 nm. This value coincides with an average intersheet distance of ((1.25+1.46)/2) for GO and 
Ti0.87O2
0.52-
 nanosheet multilayers, suggesting the observed peak is a second-order reflection of a superlattice 
structure of alternately stacked GO and Ti0.87O2
0.52-
 nanosheets with PDDA between the layers.  
 
Figure 2.11. XRD patterns for the films of (PDDA/Ti0.87O2
0.52-
)10, (PDDA/GO)10 and (PDDA/GO/PDDA 
/Ti0.87O2
0.52-
)5 shown as blue, black and red traces, respectively. 
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    We calculated the intensity of the basal reflections based on a supercell model composed of GO and 
Ti0.87O2
0.52-
 (Figure 2.12 and Table 2.2). As we know from Figure 2.11, the d spacings for (PDDA/GO)10 and 
(PDDA/Ti0.87O2
0.52-
)10 are 1.25 nm and 1.46 nm, respectively. Based on this, we assume that the thickness of 
one unit cell of (PDDA/GO/PDDA/Ti0.87O2
0.52-
)5 is 2.7 nm, which is the summation of the thickness for two 
kinds of nanosheets. The 2θ positions for the first- and second-order peaks of this hetero-structure are 
expected to occur at approximately 3.27° and 6.54°, respectively. The XRD patterns of the superlattice films 
were simulated based on the following equations:  
F00l = ∑mjfjexp{2πiZj(2sinθ/λ)}; 
I = Lp × (F00lF00l*) × Laue function; 
Lorentz polarization factor Lp = (1+cos
2
2θ)/(sin2θcosθ); 
Laue function = (1/n) × [sin
2
(2πncsinθ/λ)/sin2(2πcsinθ/λ)]. 
where mj, fi, θ, Zj, n, and λ are the site occupancy, atomic scattering factor, scattering angle, atomic site 
coordinates, repeated number of (GO/Ti0.87O2
0.52-
) bilayers and X-ray wavelength, respectively. From the 
simulated pattern, we obtained the ratio of diffraction intensity for the first and second order peak I001/I002 = 
8/100 (Figure 2.13). The calculated intensity of the second-order peak is considerably greater than that of the 
first-order peak, coinciding with the experimental data. Therefore, both the experimental and theoretical data 
indicate the successful formation of the designed superlattice film of Ti0.87O2
0.52-
 and GO by using the layer-
by-layer method despite of some disorder in the film.   
 
Figure 2.12. Structural model of the superlattice film of (PDDA/GO/PDDA/Ti0.87O2
0.52-
)5. 
 
 
 
 
Table 2.2. The atomic position and the site occupancy in a superlattice cell 
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Fig. 2.13. Simulated XRD pattern (green) and experimental data (red) of the (PDDA/GO/PDDA/Ti0.87O2
0.52-
)5 film. The broad hump at approximately 23º is due to the amorphous halo from the glass substrate. 
 
2.3.4 Photocatalytic reduction of the (GO-Ti0.87O2
0.52-
)n multilayer films 
     The reduction of GO has been achieved using several different processes in previous reports, such as the 
chemical reduction using the hydrazine as the reductive agent, annealing under reductive atmosphere or 
vacuum, and exposure to UV light (17, 18, 34, 35, 39-42). Although the GO can be well reduced by the first 
two procedures, both of them have some disadvantages. The annealing at high temperature would lead to the 
removal of carbon atoms and this method is incompatibility with the electronics industry (40, 41). For the 
chemical reduction in the hydrazine solution, it would lead to unstable chemical doping, have dispersion 
problem in suspension and be environmentally unfriendly (43, 44). On the other hand, photocatalytic 
reduction may be useful and effective because of its gentle, clean and controllable nature. However, UV 
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treatment is generally not efficient (45-48). To date, much less attention has been devoted to the 
photocatalytic reduction of GO. 
    Here we intend to use the titania nanosheets to reduce the GO based on a UV illumination process (Figure 
2.14). We previously reported that titania nanosheets exhibit efficient photocatalytic activity upon UV 
irradiation to decompose organic compounds or to induce superhydrophilicity ((26, 49, 50). In the present 
system, photogenerated electrons are expected to transfer from the titania nanosheets to GO, thereby 
reducing the GO to remove oxygen-containing functional groups and to restore the sp
2
 network. Therefore 
there would two main procedures happen: the reduction of the GO and the decomposition of the PDDA. We 
will focus on these two aspects to discuss about the UV illumination process.  
 
 
Figure 2.14. (a) Schematic illustration of the photoreduction of the heteroassemled (PDDA/GO/PDDA  
/Ti0.87O2
0.52-
)5 film under UV illumination. (b) The mechanism of the reduction of the GO and the 
decomposition of the PDDA.  
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    To characterize the reduction process, the film of (PDDA/GO/PDDA/Ti0.87O2
0.52-
)5 fabricated on quartz 
substrates was exposed to UV light (λ = 270-400 nm, 2.5 mW cm-2). For comparison, the UV treatment was 
also performed on the (PDDA/Ti0.87O2
0.52-
)10 and (PDDA/GO)5 films. Under UV illumination, the color of the 
hetero-assembled film changed from light yellow to brown and finally to dark brown, which mainly 
happened in the first 3 h (Figure 2.15). This color change should be attributed to the reduction of GO. To 
provide more quantitative information on the reduction, the UV-visible absorption spectroscopy has used to 
characterize the film during the reduction procedure (Figure 2.16). The titania nanosheets contained films of 
(PDDA/GO/PDDA/Ti0.87O2
0.52-
)5 and (PDDA/Ti0.87O2
0.52-
)10 exhibited a sharp absorption band below 300 nm, 
which is primarily due to the Ti0.87O2
0.52-
 nanosheets with a strong absorption of UV light. Upon UV 
irradiation, the baseline of the hetero-assembled film was noticeably enhanced over the entire spectral range. 
This is characteristic of metallic materials. It should be attributed to the absorption of graphene or rGO, 
which is known to exhibit a wide absorption band in the wavelength range from 300 nm to 6 μm (10). By 
contrast, the change of baseline was not observed for the titania nanosheet multilayered film, consistent with 
our previous study, which revealed the photocatalytic decomposition of PDDA into NH4
+
/H
+
 (26). Therefore, 
it is reasonable to use the change of baseline to characterize the reduction of GO.  
 
Figure 2.15. The color change of the (PDDA/GO/PDDA/Ti0.87O2
0.52-
)5 film upon UV light illumination (λ = 
270-400 nm, approximately 2.5 mW cm
-2
). 
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Figure 2.16. UV-visible absorption spectra of (a) (PDDA/GO/PDDA/Ti0.87O2
0.52-
)5, (b) (PDDA/Ti0.87O2
0.52-
)10 
and (c) (PDDA/GO)5 under UV light irradiation (λ = 270-400 nm, approximately 2.5 mW cm
-2
). 
    To more quantitatively characterize the reduction of GO. Typically, we pick out the absorbance at 1300 
nm during the whole reduction process. The optical absorption enhancement in the visible to IR range for 
(PDDA/GO/PDDA/Ti0.87O2
0.52-
)5 was observed primarily within the first 3 h (Figure 2.17), indicating that the 
reduction of GO was rapidly driven to completion. For the (PDDA/GO)5, the reduction of GO upon UV 
exposure have also been confirmed, which was reported in previous studies (45-48). However, the reduction 
rate was much slower without the photoactive titania nanosheets; the absorbance after 30 h was less than one 
half that of the hetero-assembled film, although the number of GO layers was identical. This clearly indicates 
the superior properties of the Ti0.87O2
0.52-
 nanosheets as a photocatalyst to reduce the GO.   
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Figure 2.17. The absorbance at 1300 nm as a function of the UV illumination time for films of 
(PDDA/Ti0.87O2
0.52-
)10, (PDDA/GO)5 and (PDDA/GO/PDDA/Ti0.87O2
0.52-
)5, respectively. 
    
     Change of the d spacing, which means the decomposition of the PDDA, during the process were 
monitored using XRD. The d spacing of the (PDDA/Ti0.87O2
0.52-
)10 film contracted from 1.46 nm to 0.98 nm 
after UV irradiation for 48 h (Figure 2.18). This shrinkage has been attributed to the photocatalytic 
decomposition of PDDA into small inorganic ions, such as NH4
+
 and H
+
 (26). Furthermore, we may notice 
the peak intensity has been greatly reduced after removing the PDDA layers, different from the GO 
contained films, whose diffraction intensity decreased after the UV illumination. This may be due to the 
different soft nature of the GO, and wrinkles may be formed in the rGO during the reduction process. For the 
d spacing of the (PDDA/GO)5 film, it did not show a notable contraction, which should be attributed to the 
absence of the photocatalyst (Figure 2.18d). In the (PDDA/GO/PDDA/Ti0.87O2
0.52-
)5 film, the primary peak 
also shifted to a higher angular range, corresponding to a decrease in d-spacing from 1.35 to 0.92 nm. As 
discussed above, this peak is the second-order basal reflection from the superlattice structure, thus the net 
contraction of the superlattice unit was 0.86 nm (= 2 × (1.35-0.92)). This value is around two-fold greater 
than that observed in the (PDDA/Ti0.87O2
0.52-
)10 film, which suggests that the PDDA in the heterostructured 
film would be completely decomposed because the PDDA layer is intimately contacted with the Ti0.87O2
0.52-
 
nanosheets. Based on this estimation, the contribution of the reduction of GO to the intersheet contraction 
may be negligible. The change of thickness for the GO during the reduction process has been reported, the 
value of which depends on the treatments and their conditions. Large contraction, around 0.4-0.5 nm, has 
been frequently observed in the rather powerful chemical or thermal reduction processes, due to the removal 
of functional groups and transition to a hydrophobic nature (18, 39). Our present results suggest that the 
photocatalytic process is milder than the chemical and thermal reduction process. Furthermore, it indicates 
the change of the d spacing can indirectly reflect the decomposition of the PDDA layers in the Ti0.87O2
0.52-
 
contained films, which mainly happened in the first 20 h, different from the reduction of GO.  
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Figure 2.18. XRD data of (a) (PDDA/Ti0.87O2
0.52-
)10, (b) (PDDA/GO/PDDA/Ti0.87O2
0.52-
)5 and (c) 
(PDDA/GO)5 under UV light illumination. The broad hump at approximately 23º is due to the amorphous 
halo from the glass substrate. (d) The change of d-spacing for the three films under different UV illumination 
time.  
    We then investigated the change of the sheet resistance of the three films during the UV illumination 
process.  For the (PDDA/Ti0.87O2
0.52-
)10, the resistance is negligible because of the insulating nature of the 
titania nanosheets. For the (PDDA/GO/PDDA/Ti0.87O2
0.52-
)10, the decrease of sheet resistance happens in the 
first 3 h, similar with the reduction of the GO, different from the decomposition of the PDDA. This suggests 
the increase of the conductivity is mainly due to the reduction of the GO, rather than the decomposition of 
the PDDA layer. The sheet resistance of the superlattice film decreased by more than six orders of magnitude 
(Figure 2.19) within 3 h under UV irradiation, comparable with the decrease in resistance achieved through 
the conventional chemical reduction and annealing methods (Table 2.3) (18, 40, 42, 51, 52). The 
photocatalytic reduction of GO was investigated using TiO2 nanoparticles in previous reports, which showed 
a limited enhancement (approximately 10 fold) in conductivity (18). The smaller enhancement may be due to 
the fact that dense/homogeneous contact between GO and nanoparticles is difficult to attain. In contrast, in 
the present system, the GO sheets are in intimate face-to-face contaction with the Ti0.87O2
0.52-
 nanosheets. 
This contact would facilitate the injection of photoelectrons from the titania nanosheets into the GO, 
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reducing the local etching effects in the GO (53) and increasing the reduction effect on the GO. Furthermore, 
all the atoms in the titania nanosheets are exposed to the surfaces, all of which can absorb the UV light, 
therefore, they would have a stronger UV absorption ability than the nanoparticles, and the scattering effect 
is rather limited. Additionally, we may notice that the decrease of the sheet resistance for GO film is very 
slow and limited without the titania nanosheets (Figure 2.19), which is consistent with the modulation of 
UV-vis absorbance (Figure 2.17). To compare the electrical and optoelectrical properties of the (rGO)10 and 
(rGO/Ti0.87O2
0.52-
)10, a similar reduction extent of the rGO in both films may be needed. We adopted the 
annealing method to reduce the (PDDA/GO)10 film, and the results will be discussed later. 
 
 
Figure 2.19. The change in the sheet resistance of (PDDA/GO/PDDA/Ti0.87O2
0.52-
)10 and (PDDA/GO)10 film 
as a function of the UV illumination time. 
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Table 2.3. Reported characteristics of RGO produced via various reduction processes. 
Reduction process Sample 
type 
Original 
resistance 
Final 
resistance 
Reduced 
order 
Ref. 
Pure hydrazine, one week, 
and then thermal annealing 
at 150 ℃ 
Film 10
11
 Ω 103 Ω ~ 108 Nat. Nanotechnol. 
2008, 4, 25 
Joule heat  in an  in situ 
TEM instrument 
Sheet 10
10
 Ω 104 Ω ~ 106 ACS Nano 
2011, 5, 4401 
160 ℃, over 800 minutes Sheet Infinite 2×106 Ω ~ 106 Nano Lett. 
2008, 8, 4283 
UV light, 2 h Film 233 kΩ 30.5  kΩ ~ 10 ACS Nano 
2008, 7, 1487 
UV light, 24 h, and then 
thermal annealing at 
400 ℃ , 1 h 
Film 345  
kΩ/square 
32  
kΩ/square 
~ 10 Adv. Funct. Mater. 
2009, 19,3638 
Laser illumination (0.2 
W/cm
2
, 405 nm), 990 min 
Sheet 1.2×10
13 
 
kΩ/square 
1.8×10
11 
 
kΩ/square 
~ 10
2
 Nano Lett. 
2013, 13, 5777 
UV illumination (λ = 270-
400 nm, 2.5 mW/cm
2
), 3 h 
Film 1.2×10
12 
 
kΩ/square 
1.0×10
6 
 
kΩ/square 
~ 10
6
 Our work 
 
     In addition to the efficient enhancement in conductivity, the present photocatalytic reduction of GO has 
other benefits. The process can be conducted cleanly at room temperature, excluding the side reactions in the 
thermal reduction procedure, such as the undesirable removal of carbon atoms from the backbone (40, 41). 
The present process does not result in uncontrollable chemical doping in the film (42), which is a serious 
problem in the chemical reduction method. Based on these aspects, this photocatalytic reduction method may 
provide a competitive option for applications in electronics.    
     In order to comprehensively investigate the electrical properties of the films, the (GO/PDDA)5 film was 
reduced by annealing under vacuum at 400 °C for 1 h to achieve a similar reduction with the 
(rGO/Ti0.87O2
0.52-
)10 obtained by photoreduction. X-ray photoelectron spectroscopy (XPS) analysis has been 
used to characterize the film before and after the UV treatment to give more accurate estimation of the 
reduction extent. Although it is difficult to quantitatively compare the degrees of reduction because of the 
presence of PDDA in the as-fabricated film and the surface sensitivity of this technique, it is apparent that 
the majority of carbon bound to oxygen was reduced by the treatment (Figure 2.20a-b). The XPS spectrum of 
the film produced using the standard annealing process is similar to that of the hetero-assembled film after 
the UV treatment, suggesting that a similar degree of reduction, 30 at% of oxygen in the rGO, was attained 
(Figure 2.20c-d and Table 2.4). In the next Chapter, we will study the electrical and optoelectrical properties 
of these reduced films.  
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Figure 2.20. High-resolution XPS data for C1s peak: (PDDA/GO/PDDA/Ti0.87O2
0.52-
)5 (a) before and (b) 
after the UV treatment; (PDDA/GO)5  (c) before and (d) after a thermal reduction process under vacuum at 
400 °C for 1 h. The peaks arise from C-C, C=C, C-H (285.0 eV), C-N (285.9 eV), C-OH (286.4 eV), C-O-C 
(287.2 eV), C=O (287.7 eV) and COO (288.8 eV) are shown as blue, red, brown, light blue, green, and 
yellow dash traces, respectively.  
 
Table 2.4. The percentage of different functional groups. 
 (PDDA/GO/PDDA/Ti0.87O2
0.52-
)5 (PDDA/GO)5 
 Before reduction After UV treatment Before reduction After thermal 
annealing 
C-C, C=C, C-H 
 (285.0 eV) 
58.7 % 65.0 % 43.9 % 63.8 % 
C-N (285.9 eV) 7.1 % 5.8 % 8.7 % 6.5 % 
C-OH (286.4 eV) 16.6 % 11.4 % 18.6 % 14.4 % 
C-O-C (287.2 eV) 11.1 % 6.9 % 20.7 % 5.5 % 
C=O (287.7 eV) 3.4 % 5.2 % 3.1 % 3.7 % 
COO (288.8 eV) 3.0 % 5.8 % 4.9 % 6.1 % 
O/(C+O) 34.1 % 29.2 % 47.3 % 29.7 % 
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2.4 Conclusions 
    Hetero-multilayer films of GO and Ti0.87O2
0.52-
 nanosheets have been fabricated based on the layer-by-
layer assembly using the PDDA as the cationic linker. XRD simulation indicates the second order peak was 
much stronger than the first order peak based on a superlattice model, coinciding with the experimental 
results obtained. This confirms the superlattice films have been successfully obtained for the first time. 
Under UV illumination, the reduction of GO took place within the superlattice structure and completed in a 
few hours. The results of XPS analysis clearly show the decrease of oxygen-containing functional groups 
and increase of C-C bonds. In addition, the decrease of sheet resistance for the (GO/Ti0.87O2
0.52-
)10 film by six 
orders of magnitude was revealed, which is associated with the reduction of GO, proving the current in-situ 
photo-catalytic process is highly efficient in reducing GO. This photocatalytic reduction of GO sheets is 
competitive with the well-studied chemical or thermal reduction methods in terms of its limited side effects. 
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Chapter 3. Electrical properties of the reduced film of (rGO-
Ti0.87O2
0.52-
)n and its modulation upon light illumination 
 
 
3.1 Introduction 
    The discovery of graphene
 
(1) and its novel properties (1-6) have stimulated an enormous research boom 
over a range of two-dimensional (2D) materials, such as the boron nitride (BN) nanosheets, molybdenum 
disulfide (MoS2) and so on (7-14). Compared with the bulk precursors, the unilamellar or few layered 2D 
nanosheets exhibit intriguing properties because of the quantum size effect within the materials and the 
ultrathin character. Thus, many new applications are being developed based on the distinctive functionalities, 
which are difficult to realize in bulk materials (3, 6, 8, 9, 12, 13).  
    In parallel with the efforts on the graphene and its analogue materials, the organization of them into 
heterostructures has emerged as a promising research front. The strong coupling effects between different 2D 
materials with molecular thickness are expected to greatly tune the intrinsic properties of the single 
component, inducing novel physical or chemical phenomena or greatly enhanced properties. This has been 
demonstrated based on the recently developed new topic, named van der Waals heterostructures (VDWH), 
which are typically assembled by the scotch tape transferring technique (15-20). For example, when a bilayer 
graphene was coupled with the h-BN nanosheet, the Hofstadter’s butterfly predicted 40 years ago has been 
experimentally proven (18). In a transition metal dichalcogenides (TMDCs)/graphene stacks, the 
photoresponsivity can reach 0.1 AW
-1
, corresponding to an external quantum efficiency of above 30% (19). 
However, although plenty of intriguing properties have been discovered in the VDWH, for the practical 
applications, the scalable production of the materials is required. Significant efforts have been contributed to 
the epitaxial growth of VDWH by the chemical vapor deposition without considering the lattice mismatch of 
them, however, the weak interlayer interaction generally favors the island growth rather than that of 
continuous monolayers (17, 21, 22). Furthermore, the high cost for large scale production by this method 
also impedes its applications. Therefore, it is quite important and urgent to find some other alternative routes 
to hetero-assemble different 2D materials for the scientific research and practical applications of the 2D 
materials.  
    On the other hand, among the limitless combinations of different 2D materials, one of the promising 
targets is the modulation of the superior electrical properties of graphene by combining it with other type of 
2D materials. When a vertically aligned n-type channel field effect transistor (FET) was fabricated by 
sandwiching a few layers of MoS2 as the semiconducting channel between a graphene sheet and a metal thin 
film, an on–off ratio of >103 and a high current density of up to 5,000 A cm-2 at room temperature has been 
achieved (23). A hexagonal boron nitride (h-BN)/graphene/h-BN structure with a unique edge contact 
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geometry was found to achieve low-temperature ballistic transport over a distance longer than 15 μm, and its 
room temperature mobility is comparable to the theoretical phonon-scattering limit due to the reduced 
impurity scattering and contact resistance (16). Recent work based on graphene/h-BN heterostructures 
demonstrated that photoinduced carrier doping from the defects of h-BN into graphene could modify the 
electrical properties of graphene, showing potential for new scientific studies and applications (24). However, 
h-BN is typically an insulator with a large bandgap of 5.2 eV, which can absorb only ultraviolet (UV) light at 
high energy (λ < 240 nm). The observed modulation is associated with electrons transferred from h-BN 
nanosheets trapped at impurity levels. The photoinduced doping effects resulting from an impurity are 
typically rather modest.  
    In the last chapter, a superlattice film has been constructed from graphene oxide (GO) and photoactive 
titania nanosheets (Ti0.87O2
0.52-
) by a scalable layer-by-layer method. The photocatalytic reduction process of 
the film has also been carefully studied. In this chapter, the as-reduced film was employed as a channel to 
construct a FET device, and its electrical properties have been studied. The titania nanosheets efficiently 
absorb UV light and exhibit high photocatalytic and dielectric properties (7, 25-28). Different from the h-BN 
nanosheets, the strong absorption of UV light by Ti0.87O2
0.52-
 nanosheets and the intimate stacking with rGO 
at a molecular scale is expected to facilitate the injection of photogenerated carriers from the conductive 
band edge of Ti0.87O2
0.52-
 nanosheets to the rGO. Efficient and controllable photoinduced modulation of the 
transport properties can be expected because of the alternate assembly of molecularly thin 2D materials. 
Therefore, it is also important and meaningful to explore the modulation of the electrical behavior of such 
transistors based on the film of rGO/Ti0.87O2
0.52-
 upon light illumination.  
 
3.2 Experimental section 
3.2.1 Preparation and characterization of films  
    The details of the synthesis of GO and titania nanosheets, and the preparation of as reduced films have 
been presented in the last chapter. GO was prepared by a modified Hummers’ method (29), whereas 
Ti0.87O2
0.52-
 nanosheets were derived from K0.8Ti1.73Li0.27O4 through a soft-chemical exfoliation process (30). 
The multilayered films, such as (PDDA/GO)10, (PDDA/Ti0.87O2
0.52-
)10, and (PDDA/GO/PDDA/Ti0.87O2
0.52-
)10, 
were assembled in a layer-by-layer manner onto heavily doped Si substrates with a 300-nm-thick SiO2 layer. 
The PDDA chloride was used as the cationic linker. The (PDDA/Ti0.87O2
0.52-
)10 and 
(PDDA/GO/PDDA/Ti0.87O2
0.52-
)10 films were exposed to UV light for 48 h to promote photocatalytic 
reduction of GO to rGO and decomposition of the PDDA. In contrast, the (PDDA/GO)10 film was heated at 
400 °C for 1 h under vacuum to obtain the (rGO)10 film, which has a similar reduction effect as the 
photoreduced heteromultilayers. The prepared samples were kept in ambient air prior to electrical 
measurements. 
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3.2.2 Electrical transport property measurements  
    The transistor behavior and its modulation upon UV illumination were examined based on FET devices 
fabricated with the reduced films as the channel. The heavily doped Si substrates were taken as the gate 
electrodes, and the SiO2 were taken as the dielectric layers. Metallic electrodes (Ti/Au: 5 nm/50 nm) were 
deposited on the films via electron beam deposition with a channel length (L) and width (W) of 40 and 400 
μm, respectively. All the measurements were carried out under vacuum (<10−3 Pa), using a semiconductor 
parameter analyzer (Keithley 4200-SCS, Keithley Instruments Inc.) with a low-temperature probe system 
from Nagase Electronic Equipment Service. The voltage difference between the source and drain (Vds) was 
set at 1 V. For the measurement of optoelectrical properties, a xenon lamp (XEF-501S, San-ei Electric) with 
an optical fiber was used as the light source. The light was guided through the optical filter and irradiated the 
device vertically during the photomodulation process. The light intensity was calibrated by a 
spectroradiometer (USR-45, Ushio). To examine the photomodulation of the transistor action, we recorded 
the Ids-Vds and G-Vgs relationships in the dark immediately after turning off the light.  
 
3.3 Results and discussion 
3.3.1 Superlattice-like molecular assembly of rGO and Ti0.87O2
0.52-
 nanosheets  
    GO and Ti0.87O2
0.52-
 nanosheets were obtained as monodispersed colloidal suspensions according to the 
preparative procedures described in the last chapter. The unilamellar nanosheets have a high 2D anisotropy 
with a thickness of ~0.8 nm and ~1.2 nm and an average lateral size or ~1 μm and ~500 nm, respectively. 
    We assembled the negatively charged GO and Ti0.87O2
0.52-
 in a layer-by-layer manner using 
poly(diallyldimethylammonium chloride) (PDDA) as the cationic linker to fabricate multilayer films, such as 
(PDDA/GO)10, (PDDA/Ti0.87O2
0.52-
)10, and a superlattice assembly of (PDDA/GO/PDDA/Ti0.87O2
0.52-
)10 on 
heavily doped Si substrates with a 300-nm-thick SiO2. In each deposition step, deposition parameters 
optimized in the last chapter were employed to attain a high surface coverage both for GO and Ti0.87O2
0.52-
 
nanosheets. These densely packed monolayers will concomitantly lead to a significant overlap between the 
nanosheets, which provide conduction paths in the rGO layer. 
    The films of (PDDA/Ti0.87O2
0.52-
)10 and (PDDA/GO/PDDA/Ti0.87O2
0.52-
)10 were exposed to UV light for 48 
h to decompose PDDA into H
+
 or NH4
+
 by the photocatalytic action of Ti0.87O2
0.52-
 nanosheets. In the 
heterostructured film, GO was also reduced to rGO in the process. As a result, this UV treatment produced 
inorganic films of (Ti0.87O2
0.52-
)10 and (rGO/Ti0.87O2
0.52-
)10. In these films the negatively charged 2D materials 
are stacked via an electrostatic interaction through H
+
 or NH4
+
 as counter ions. On the other hand, the 
(PDDA/GO)10 film was converted into a rGO film by heating at 400 °C for 1 h under vacuum, under which 
condition a similar reduction extent with (rGO/Ti0.87O2
0.52-
)10 can be achieved.  
 
3.3.2 Change in electrical transport properties upon UV illumination  
    The FET devices were fabricated using the resulting films as channel materials, as illustrated in Figure 
3.1a-b. The heavily doped Si substrates act as the gate electrode, whereas metallic terminals (Ti/Au, 
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thickness: 5/50 nm) deposited on top of the films act as source and drain electrodes. The optical micrograph 
indicates the successful fabrication of the metallic electrodes (Figure 3.1c).  
 
Figure 3.1. (a) Schematic diagram of a FET device using the as reduced films as channel materials. (b) 
Structure of the channel materials: (rGO)10, (Ti0.87O2
0.52 ‑ )10, and (rGO/Ti0.87O2
0.52 ‑ )10. (c) An optical 
micrograph of the FET device, showing two 400×400 µm Ti/Au electrodes (channel length: 40 µm, width: 
400 µm).  
 
    An ohmic response, or a linear current (Ids)-voltage (Vds) relationship, was observed for the films of 
(rGO/Ti0.87O2
0.52-
)10 and (rGO)10, suggesting that the energy barriers at the contacts are negligible (Figure 
3.2a). In contrast, the Ids-Vds curve for the (Ti0.87O2
0.52-
)10 film could not be obtained due to the highly 
insulating character of this nanosheet (28). The sheet resistances for the films of (rGO)10 and 
(rGO/Ti0.87O2
0.52-
)10 were 3.3 × 10
7
 and 2.8 × 10
6
 Ω sq-1, respectively. It is reasonable to assume that the rGO 
layer in the (rGO/Ti0.87O2
0.52-
)10 film primarily contributes to the conductive properties, considering the 
highly insulating nature of the Ti0.87O2
0.52-
 nanosheets.  
    Both of the films bear an ambipolar conductive behavior, however, the electron carrier mobility for the 
original (rGO)10 and (rGO/Ti0.87O2
0.52
)10 were 0.01 and 0.09 cm
2
/(Vs), and the hole carrier mobility for those 
films are 0.03 and 0.08 cm
2
/(Vs) (Figure 3.2b). This means the carrier mobility for the hetero-assembled film 
is much higher than the (rGO)10 despite of the similar reduction extent of the rGO in both films. There are 
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two possible reasons: firstly, the effective dielectric shielding from the high-κ Ti0.87O2
0.52-
 nanosheets, which 
intimately sandwich rGOs at a molecular level, can exclude the influence from the oxygen and water 
molecules adsorbed in the film, which are known to act as carrier scattering impurities, to some extent. 
Secondly, the rGO reduced by the mild photocatalytic process may have a better in plane structure than the 
rGO obtained by annealing method. This also contributes to the enhanced carrier mobility. The conductance 
for the (Ti0.87O2
0.52-
)10 was around 4-5 orders lower than the rGO contained films, further confirming the main 
role of the rGO as the conductive paths (Figure 3.2c).     
    
 
 
Figure 3.2. (a) Ids-Vds and (b) G−Vgs traces for the as reduced films: (rGO/Ti0.87O2
0.52-
)10 and (rGO)10. (c) G-
Vgs trace for the (Ti0.87O2
0.52-
)10.  
 
    To examine the influence of the photogenerated electrons on the electrical properties of the films, the 
devices were illuminated with UV light (270-400 nm, 14 mW cm
-2
) for ~20 min under vacuum (<10
-3
 Pa). 
After this treatment, the resistance for the (rGO/Ti0.87O2
0.52-
)10 film significantly decreased to 3.9 × 10
5
 Ω sq-1, 
which is around 1/7 of the value. By contrast, the change for the (rGO)10 film was negligible (Figure 3.3). 
The rGO in these films have already been fully reduced through the aforementioned treatments, excluding 
the possibility for further reduction of them under the UV illumination during the electrical measurement. 
The measurements have also been done under different illumination conditions (Figure 3.4). The device with 
the (rGO/Ti0.87O2
0.52-
)10 film showed only a limited change in conductance under visible light, whereas a 
71 
 
great enhancement was observed under UV illumination with the same light intensity. The conductance 
enhancement was accelerated at a higher intensity. All these results demonstrate that the photoinduced 
modulation effects observed in the (rGO/Ti0.87O2
0.52-
)10 film should be associated with carriers generated in 
the Ti0.87O2
0.52-
 nanosheets via bandgap excitation. 
 
Figure 3.3. Ids−Vds curves for (rGO)10 and (rGO/Ti0.87O2
0.52−)10 films before and after the UV illumination. 
The measurement was performed at Vgs = 0 V for both films.  
 
 
Figure 3.4. The change of conductance under different illumination conditions. The illumination conditions 
for different traces are as follows: red trace---visible light (400-520 nm), 0.5 mW cm
-2
; blue trace---UV light 
(270-400 nm), 0.5 mW cm
-2
; black trace---UV light (270-400 nm), 3 mW cm
-2
; green trace---light off. The 
conductance was recorded under Vds = 1 V. 
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    Typical conductance-gate voltage (G-Vgs) curves for the (rGO/Ti0.87O2
0.52-
)10 and (rGO)10 films before and 
after the UV light treatment are shown in Figure 3.5. For the (rGO/Ti0.87O2
0.52-
)10 film, the conductive polarity 
changed from ambipolarity to n-type unipolarity upon UV light treatment for 20 min (Figure 3.5a), while the 
ambipolarity of the (rGO)10 film remained unchanged despite of the slight enhancement of conductance 
(Figure 3.5b). The result for the (rGO)10 film is compatible with previous reports on FETs based on graphene 
as well as rGO prepared, in which the ambipolar conductive behavior remained unchanged after light 
illumination (24, 31).  
    The possible mechanism for the n-type unipolarity of the superlattice film is as follows. Firstly, the 
exposure to UV light generates excited electrons and holes in the Ti0.87O2
0.52-
 nanosheets of the superlattice 
film. Because the conduction band edge of the Ti0.87O2
0.52-
 nanosheet is more negative than that of rGO (32, 
33), the photogenerated electrons in Ti0.87O2
0.52-
 nanosheets will be transferred to the rGO. Secondly, under 
the UV illumination, the Ti0.87O2
0.52-
 nanosheets exhibit a strong photocatalytic ability to remove species such 
as water and oxygen molecules, which have hole doping effects in the rGO (1, 34, 35). These species are 
easily adsorbed onto the film surface and are difficult to be removed by normal evacuation. Furthermore, the 
film contains water molecules or oxonium ions in the interlayer gallery due to the solution-based fabrication 
process. Under UV illumination, excited electrons transferred to rGO can reduce molecular oxygen to be 
desorbed, and photogenerated holes in the titania nanosheets may decompose water molecules in the film. 
The n-type doping observed for the (rGO/Ti0.87O2
0.52-
)10 film upon UV irradiation may be understood in terms 
of these two effects. The photoresponse of the conductive behavior to the n-type unipolarity observed in 
(rGO/Ti0.87O2
0.52-
)10 may be unique in a number of the graphene-based devices (Table 3.1), which may find 
some novel applications in the near future. 
 
 
Figure 3.5. G−Vgs curves before and after UV illumination process: (a) (rGO/Ti0.87O2
0.52-
)10 and (b) (rGO)10. 
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Table 3.1. Electrical properties of RGO produced via various processes 
Reduction process Sample 
type 
Hole 
mobility 
(cm
2
 V
-1
 s
-1
) 
Electron 
mobility  
(cm
2
 V
-1
·s
-1
) 
Polarity 
 
Ref. 
Hydrazine vapor, 80 °C, 24 
h, and then thermal 
annealing at 200 °C 
GO Film 1 0.2 Ambipolar Nat. Nanotechnol. 
2008, 2, 270 
Thermal annealing at 150 
°C,  
260 min   
GO Film 0.06 0.015 Ambipolar Adv. Mater. 2010, 
22, 4872 
Thermal annealing at 1000 
°C 
GO Sheet 5.4 1.1 Ambipolar Nano Lett. 2010, 8, 
92 
Hydrazine solution, 80 °C, 5 
h 
GO Film 95 0 p ACS Nano 2011, 5, 
870 
Hydrazine monohydrate, 
and then thermal annealing 
at 200 °C 
GO Film 1 1 Ambipolar Adv. Funct. Mater. 
2009, 19, 2577 
Hydrazine solution, 80 °C, 
24 h 
GO Film 0.7 (max) 0.2 (max) Ambipolar Nano Lett. 2009, 9, 
814 
Na-NH3, -33.5 °C, 30 min GO Sheet 123 0 p Nat.Commun. 2013, 
4, 1539 
Hydrazine reduction, 90 °C, 
1 h 
GO Film 0.25-0.62 0.02-0.06 Ambipolar Small 2010, 6, 1210 
UV illumination, 3 h, and 
then in UV for 20 min in 
vacuum  
GO/Titania 
Nanosheet 
Film 
0.0 0.21 n Our work 
Thermal annealing, 400 °C, 
1 h, and then in UV for 20 
min in vacuum 
GO Film 0.012 0.012 Ambipolar Our work 
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    To gain further insights into the modulation on the electrical properties, the G-Vgs curves of the (rGO)10 
and (rGO/Ti0.87O2
0.52-
)10 films were recorded by sweeping the gate voltage in the forward (from -100 to 100 V) 
and reverse (from 100 to -100 V) directions in the dark before and after the UV light treatment. The gate 
voltage values at the charge neutrality point (CNP), Vg,min, for the (rGO)10 film before the UV light treatment 
were different between the forward and reverse sweeping (-12 and 14 V, respectively; Figure 3.6a). The G-
Vgs curves did not change significantly after the UV exposure for 1 min, although the Vg,min values shifted to 
be negative, indicating n-type doping (Figure 3.6b). The hysteresis was still observed for 26 V after 20 min 
of UV light treatment (Figure 3.6c). The hysteresis observed in FET devices usually was caused by the 
adsorption of water or molecular oxygen onto the channel surface (36-38), which might be polarized under 
an applied electric field, leading to the trapping of carriers. The hysteresis observed here should be 
attributable to this reason. In contrast, the hysteresis of the (rGO/Ti0.87O2
0.52-
)10 film was smaller than that of 
(rGO)10, and the Vg,min values (-20 and 0 V for the forward and reverse sweeping, respectively) were more 
negative than the corresponding values for (rGO)10 (Figure 3.6d). For the (rGO/Ti0.87O2
0.52-
)10 film, after 1 
min of UV light treatment, the hysteresis suppressed to be 2 V and the conductance has greatly increased 
(Figure 3.6e). The suppressed hysteresis observed for the (rGO/Ti0.87O2
0.52-
)10 film coincides with the above-
mentioned reactions that removal of the adsorbed species occurs due to the strong photocatalytic activity of 
Ti0.87O2
0.52-
nanosheets. This will be further confirmed by the carrier mobility enhancement in this system.   
    Graphene and its derivatives have great potential as electronic and optoelectronic materials (1-3, 5, 6, 10). 
However, their electrical properties are greatly influenced by the atmosphere because of the ultrathin 
thickness sensitive to the outside environment; water and oxygen molecules are easily adsorbed on the 
device. Many methods have been proposed to recover their intrinsic properties, such as annealing in reducing 
atmosphere
 
(11) and shielding them with h-BN nanosheets
 
(16). The present system, rGO coupled with 
photoresponsive Ti0.87O2
0.52-
 nanosheets, provides another facile and effective way to exclude the influence of 
the atmosphere. 
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Figure 3.6. (a) G−Vgs curves for (a-c) (rGO)10 and (d-e) (rGO/Ti0.87O2
0.52-
)10 films before and after UV 
illumination (14 mW cm
-2
). The data were obtained during the forward sweeping (red traces, from −100 to 
100 V) and the reverse sweeping (black traces, from 100 to −100 V). Inset in part e shows a magnified 
drawing of the curves in the area designated by the rectangular dotted frame.  
 
76 
 
3.3.3 Photomodulation effects  
    To further understand the influence of the UV illumination on the electrical properties, series of G-Vgs 
curves in the forward sweep process for the films of (rGO/Ti0.87O2
0.52-
)10 and (rGO)10 were collected in the 
dark immediately after UV illumination (14 mW cm
-2
) for a certain period (Figure 3.7). From the obtained 
G-Vgs curves, the modulation of conductance at CNP (Gmin), gate voltage at CNP (Vg,min), carrier mobility (μ), 
and carrier concentration at CNP (ni) upon illumination, as well as the subsequent dark process, were 
deduced.  
 
 
Figure 3.7. Series of G-Vgs curves in the forward sweep process. (a) (rGO/Ti0.87O2
0.52-
)10; (b) (rGO)10. The 
curves were collected in the dark immediately after the UV illumination (14 mW cm
-2
) for a certain period. 
The solid traces were recorded in vacuum, while the dashed ones were collected after exposing the devices in 
air. 
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    We firstly discuss the modulation of conductance Gmin under UV illumination. Gmin of the 
(rGO/Ti0.87O2
0.52-
)10 film was noticeably enhanced as the UV illumination time increased (Figure 3.8a). In 
contrast, such an enhancement of Gmin was rather modest for the (rGO)10 film. After illumination for 20 min, 
Gmin of the (rGO/Ti0.87O2
0.52-
)10 film increased from 3.8 to 25 S, which means an increase of 7-fold. The Gmin 
can be further improved by the prolonged UV illumination time (Figure 3.8b). The final enhancement was 6−
10-fold for different devices. This change is ~50 times higher than that reported for graphene/h-BN based 
FETs combinations (24, 31), which exhibited negligible change upon exposure to visible light. The result 
reported here using the heterostructured rGO/Ti0.87O2
0.52-
 nanosheets is the highest photoresponse for the 
graphene based materials. We will discuss the possible mechanism for this superhigh enhancement of 
conductance later.  
 
Figure 3.8. (a-b) Changes of conductance at CNP (Gmin) upon UV illumination and the subsequent dark 
process. The whole UV illumination time is 20 and 320 min in (a) and (b), respectively. A saturated value 35 
μS was reached after UV illumination for 190 min in (b). 
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    At the same time, Vg,min of the (rGO/Ti0.87O2
0.52-
)10 film gradually became increasingly negative upon UV 
illumination (Figure 3.9), which is a typical phenomenon related to electron doping. The value changed by 
80 V from -20 to -100 V after UV illumination for 20 min, leading to the n-type unipolar response. This n-
type doping effect is considerably smaller for (rGO)10 without a coupled photoresponsive material. Therefore, 
the photogenerated electrons in titania nanosheets would play an important role in the electron doping, which 
may also be the reason for the greatly enhanced conductance.   
 
 
Figure 3.9. Changes of the gate voltage at the center neutral point (Vg,min) upon UV illumination and the 
subsequent dark process. 
 
     As we know, Gmin is related to the carrier concentrations and mobility as follows: 
Gmin = (Ids)min/Vds = [nie(μe + μh)W]/(Vds/E) = nie(μe + μh)(W/L)           (1) 
where E is the electric field, ni is the charge density, μe and μh are the related electron and hole carrier 
mobilities, respectively, and W and L are the channel width and length, respectively.  
    Here I will give the deduction of the calculation of carrier mobility (μ) from the Drude equation. If the 
current only comes from the drift carriers, and no trapped carriers in the channel would contribute to the 
current (diffused current), then the conductivity σ = neμ, which is named Drude equation. From the equation, 
we can use the derivative of the equation: 
                              dσ = d(neμ)   (2); 
                             dσ = μedn    (3); 
                             μ = (1/e) (dσ/dn)     (4); 
As we know the drain-source current Ids = JS = σES = σtWVds/L, then σ = [LIds/(tWVds)]   (5); 
If  the increased carriers are induced by the gate voltage (Vgs), then the total charges Q= CVgs = CiVgsWL, as 
we know Q = net, then n = Q/e = CiVgsWL/e    (6) 
From the equations (3-5), the carrier mobility 
μ = (1/e) (dσ/dn) = (1/e) d[L(Ids/tWVds)]/d(WLCiVgs/e) = [(L/(WVdsCi)](dIds/dVgs)     (7) 
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 By using the equation (7), the carrier mobility (μ) was obtained (11, 37), and the charge density (ni) was 
estimated according to Equation (1). 
 
 
Figure 3.10. Schematic illustration of the calculation on the carrier mobility based on the field effect 
transistor model. 
 
    The modulation of the carrier mobility and concentration upon UV illumination was shown in Figure 3.11. 
It is clear that the superior high enhancement of conductance for (rGO/Ti0.87O2
0.52-
)10 is ascribed to the great 
enhancement of carrier mobility and concentration. The largely enhanced carrier mobility may be ascribed to 
effective dielectric shielding from the high-κ Ti0.87O2
0.52-
 nanosheets, which intimately contact with the rGOs 
at a molecular level, and the above-mentioned removal of oxygen and water molecules in the film, known to 
act as carrier scattering impurities. For the noticeable increase in carrier concentration, it is due to the 
efficient transfer of electrons generated in the Ti0.87O2
0.52-
 nanosheet to rGO. 
    As the UV illumination time increased, both μe and ni for (rGO/Ti0.87O2
0.52-
)10 increased, whereas μh 
decreased to zero (Figure 3.11). Therefore, the increase in the carrier concentration (ni) is the main reason to 
the improved conductance Gmin during the UV illumination process. A significant increase in electron carrier 
mobility (μe) (Figure 3.11a) was observed, which should be accounted for by the photogenerated electrons 
transferred from the Ti0.87O2
0.52-
 nanosheet to rGO. The decrease in the hole carrier mobility can be ascribed 
to scattering from positive charges due to the holes trapped in the Ti0.87O2
0.52-
 nanosheets and/or the protons 
in the interlayer galleries formed as a photocatalaytic decomposition product from water molecules.  
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Figure 3.11. Changes of (a) carrier mobility and (b) carrier concentration upon UV illumination and the 
subsequent dark process.  
    
      Among these significant photoinduced modulation effects, the most remarkable feature is the extremely 
high electron carrier concentration after the photoinduced doping, reaching 7.6 × 10
13
 cm
-2
. To the best of 
our knowledge, this is the highest value among reported data for graphene- or rGO-based FETs, many of 
which exhibited an electron concentration that was one order of magnitude lower (Table 3.2). This superhigh 
accumulation of electrons in rGO in the present system is due to the efficient transfer of excited electrons 
generated in Ti0.87O2
0.52-
 nanosheets to rGO. The charge induced by the gate potential is considerably smaller 
than the photoinduced carrier concentration observed here. A value of ~1 × 10
13
 cm
-2
 at a gate voltage of 100 
V is expected based on the standard estimation for the present system with 300-nm-thick SiO2 as a dielectric 
layer (1). This large difference of induced carrier concentration by the light and gate voltage may account for 
the rather broad and n-type unipolar response observed for the G-Vgs curves observed (Figure 3.7a). The 
apparent unipolarity can also be understood from the truth that the number of holes induced by the gate 
potential is much smaller than that of the photoinduced accumulated electrons. 
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Table 3.2. Carrier mobility and concentration of RGO produced via various processes. 
Sample type Sample 
thickness 
Carrier  mobility 
(cm
2
 V
-1
 s
-1
, room 
temperature) 
Mobile carrier 
concentration 
(×10
12
 cm
-2
) 
Ref. 
rGO/polystyrene film 14-30 nm 0.04 (μe); 
0.1 ( μh) 
1.1-2.7 Nano Lett. 
2009, 9, 814 
rGO film 2-4 layers 0.03-0.06(μe); 
0.25-0.60( μh) 
7.7-22.5 Small 
2010, 6, 1210 
Graphene made by scotch 
tape method 
Few layers 4000-10000 5-30 Science 
2004, 306, 666 
Epitaxial graphene Few layers 27000 3.4 Science 
2006, 312, 1191 
rGO film 5 nm 
thickness 
0.6 (μe); 
1.2 ( μh) 
7 Adv. Mater., 2008, 
20, 3440 
Polymer doped 
CVD graphene 
monolayer 290-2080 (μe); 
1080-3100 ( μh) 
0.14-0.55 ACS Nano, 2013, 
8, 650 
rGO Single sheet 123( μh) ~ 10 Nature Comm., 2013, 
4, 1539 
rGO film 3-5 nm ~ 0.2 (μe); 
~ 1.0 ( μh) 
0.52 Nature 
Nanotechnol., 
2008, 3, 270 
Polymer doped 
CVD graphene 
monolayer - < 7.7 ACS Nano, 2014, 
8, 8831 
rGO film 10 layers 
around 6-10 
nm 
0.01 (μe); 
0.03 ( μh) 
4.9 Our work 
(rGO/Ti0.87O2
0.52-
)10 film 
Before UV illumination 
20 layers, 
around 18 
nm 
0.09 (μe); 
0.08 ( μh) 
13.4 Our work 
(rGO/Ti0.87O2
0.52-
)10 film 
after UV illumination for 
20 min and longer time, 
and then stabilized 
20 layers, 
around 18 
nm 
~0.22 (μe) 60-85.8 Our work 
(rGO/Ti0.87O2
0.52-
)10 film 
after UV illumination for 20 
min and longer time, and then 
stabilized, finally exposed to 
air 
20 layers, 
around 18 
nm 
Lowest moment 
0.004 (μe) 
Highest moment 
749 
Our work 
 
    Interestingly, the highly enhanced conductance of rGO coupled with the Ti0.87O2
0.52-
 nanosheets was nearly 
unchanged after turning off the UV light. Although the conductance exhibited a modest decay of ~10% after 
UV extinction, the residual high value remained constant for at least 4 days (Figure 3.12). Although we did 
not record data for a longer duration because of the limitation of the instrument, we expect that the 
conductance will not exhibit a noticeable decay for a prolonged duration as long as it is kept in vacuum. The 
carrier concentration exhibited a similar trend; it decreased to ~80% at the termination of UV illumination 
but remained nearly constant after that. The decrease can be understood from the recombination of 
photogenerated electrons with the remaining holes trapped in Ti0.87O2
0.52-
 nanosheets, or those were not 
consumed in the photocatalytic decomposition of water. The electron carrier mobility increased from 0.21 to 
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0.22 cm
2 
V
-1
 s
-1
 after turning off the light (Figure 3.11a). This can be ascribed to the decreased carrier-carrier 
scattering because of the reduced carrier concentration (39).  
 
Figure 3.12. CNP conductance (Gmin) as a function of time for (rGO/Ti0.87O2
0.52‑)10 (red trace) and (rGO)10 
(black trace) during the whole UV illumination and dark process. 
    Based on the results above and their analysis, we may understand the enhanced conductance of the 
(rGO/Ti0.87O2
0.52-
)10 film upon UV illumination and its persistency using the schematic illustration in Figure 
3.13. (I) At the first beginning, the channel in the FET has water and oxygen molecules adsorbed onto the 
surface in air. Furthermore, the film intrinsically contains water molecules or oxonium ions in the intersheet 
gallery because of the solution based fabrication process. These molecules stay in the film, even upon 
evacuation (35, 40). (II) Under the UV illumination, charge separation occurs in the interface of Ti0.87O2
0.52-
 
nanosheets and rGO, and the photogenerated electrons in titania nanosheets are transferred to rGO. (III) A 
major portion of the photoholes in Ti0.87O2
0.52-
 nanosheets is consumed by oxidizing water molecules, 
whereas some of electrons are involved in the reduction of oxygen molecules. (IV) When the light was 
turned off, the remaining holes are consumed via recombination with electrons in rGO. The number of 
adsorbed oxygen molecules is less than that of water molecules considering the hydrophilic nature of 
Ti0.87O2
0.52-
 nanosheets and the solution-based fabrication process of the superlattice film. (V) Thus, there are 
a significant number of electrons survives, contributing to the enhanced conductance. The charge neutrality 
of the entire film may be maintained with protons, which are formed through the oxidative decomposition of 
water molecules with holes. The resulting system, or electrons accumulated in rGO, should be stable in 
vacuum, leading to the persistently enhanced conductance. 
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Figure 3.13. Schematic illustration of the enhanced conductance under UV illumination and its persistency 
after turning off the light. (I) Water and oxygen molecules are adsorbed in the channel of the FET devices 
during the fabrication process. (II) Charge separation occurs in the Ti0.87O2
0.52− nanosheets, and the generated 
electrons are transferred to rGO. (III) A large portion of the photoholes is consumed by oxidizing the 
adsorbed water molecules, whereas some portion of electrons is consumed by reducing oxygen molecules. 
(IV) Remaining holes are extinguished via recombination with electrons in rGO. (V) The excessive electrons 
survive, contributing to the enhanced conductance. 
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3.4 Conclusions 
    The FETs based on a superlattice hybrid film (rGO/Ti0.87O2
0.52-
)10 exhibit great enhancement of 
conductivity compared with the (rGO)10 despite of the similar reduction extent of the rGO. This is due to the 
dielectric shielding effect of the titania nanosheets, which can exclude the scattering from the adsorbed water 
and oxygen to some extent. The better in plane structure of the photoreduced rGO than the annealed ones 
will also make a contribution. The modulation on electrical transport properties upon UV illumination of the 
superlattice film has been examined. The polarity of the conductive behavior for the superlattice changed 
from the ambipolarity to n-type unipolarity. Meanwhile, the conductance has been significantly enhanced by 
~7-fold after 20 min UV illumination, which is the highest enhancement fro the graphene based FET upon 
light illumination. These behaviors may be understood considering the efficient transfer of photoexcited 
electrons in Ti0.87O2
0.52-
 nanosheets to rGO. In addition, photoelectrons in rGO could survive for a long time 
in vacuum, leading to the persistency of enhanced conductance for days. This result may be regarded as 
effective charge storage, opening new applications for rGO or graphene. The ultrathin nature of Ti0.87O2
0.52-
 
nanosheets is suitable to be hybridized with other 2D materials because the intimate contact at a molecular 
level can be achieved via facile solution processes in a scalable way. Both the fabrication process and the 
highly photoresponsive nature will be beneficial for finding practical applications for 2D materials. 
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Chapter 4. Tuning the surface charge of 2D oxide nanosheets 
 
 
4.1 Introduction 
    The development of novel two-dimensional (2D) materials with different functionalities has become a 
very hot topic (1-5). Compared with their layered bulk precursors, the 2D structure of these unilamellar or 
few layered nanosheets leads to a wide range of intriguing properties. For the chemically exfoliated 
nanosheets, the vast majority of them are anionic 2D materials (4, 6-8). The oxide nanosheets obtained by 
exfoliating layered precursors are negatively charged because of their intrinsic stoichiometry (4). Other 
important class of nanosheets, such as graphene oxide (GO) and MoS2, also have negative charges on their 
surfaces due to the chemical modification during the exfoliating process (6-8). The charges on these 
nanosheets make them stable and well dispersed in solvents. Thus various solution-based techniques can be 
employed to organize them into precisely controlled nanostructures such as nanofilms, nanocomposites, 
hydrogels and so forth (1-4, 9-11). Therefore, chemically exfoliated 2D materials can be used to develop new 
functional materials and devices using this approach. 
     Positively charged nanosheets are expected to enrich the fabrication of 2D materials into various desired 
structures, because of their interaction with other kinds of oppositely charged nanostructures, such as 
particles, nanowires and nanosheets. However, there are a limited species of intrinsic cationic nanosheets. 
The layered double hydroxides (LDH) and related phases are the only examples are cationic nanosheets (3, 
4). Recent reports indicated that cationic layered double hydroxide nanosheets could be used to fabricate 
functional films and nanocomposites with anionic 2D materials given the electrostatic force between them (3, 
4, 9-11). The resulting materials show attractive properties, such as the highly active visible light-induced 
oxygen generation for hybrids of Zn-Cr LDH/titania nanosheets and the high electrochemical capacitance for 
the molecular-scale heteroassembly of reduced GO (rGO) and redoxable LDH nanosheets (9, 10). Although 
these examples show great promise for practical applications using the superlattice materials obtained by this 
approach, the limited species of cationic nanosheets greatly hampers their diversity of functionalities. 
Therefore, it is critical and important to develop a procedure to enrich the species of the cationic nanosheets.   
     Previous studies have shown that the surface charge of GO could be tuned from negative to positive by 
reacting positively charged organic molecules with the oxidative functional groups on them (12-14). 
Additionally, the conversion of cation-exchangeable layered hosts to anion-exchangeable ones was achieved 
by incorporating polycations into the interlayer space (15). These results show possibilities for modifying the 
surface charge of a diverse range of nanosheets, including transition metal oxides, dichalcogenides, and GO, 
using organic polyions. For the modifying of the nanosheets in suspension, the key issue is to preserve the 
monodispersibility of the nanosheets. The simple addition of cationic species into a colloidal suspension of 
the anionic nanosheets generally leads to the restacking-induced flocculation.  
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    In this chapter, the surface charge of anionic nanosheets, such as GO, Ti0.87O2
0.52-
 and Ca2Nb3O10
-
, has 
been tuned to be positive using the high-molecular-weight polyelectrolytes such as polyethylenimine (PEI) 
(Mw = 7.5 × 10
5
 g) and poly(diallyldimethylammonium chloride) (PDDA) (Mw = 1-2 × 10
5
 g). In the next 
chapter, we will discuss about the superlattice assembly of anionic nanosheets using a developed flocculation 
procedure by tuning the surface charges of them.  
 
4.2 Experimental section 
4.2.1 Materials 
    The original materials used for the synthesis of layered oxide bulk precursors, such as TiO2, Nb2O5, alkali 
metal and alkaline earth metal carbonates, were of 99.9% purity or higher. Milli-Q filtered ultrapure water 
was used throughout. The details for the preparation of the 2D materials, such as graphene oxide (GO), 
Ti0.87O2
0.52-
 and Ca2Nb3O10
-
 has been described in chapter 2 and the previous reports (9, 16, 17). GO with a 
lateral size around 1 μm was prepared by a modified Hummers’ method, and anionic oxide nanosheets, such 
as Ti0.87O2
0.52-
 (300 nm in lateral size) and Ca2Nb3O10
- 
(500 nm in lateral size), were prepared by chemical 
exfoliation of layered compounds of K0.8Ti1.73Li0.27O4 and KCa2Nb3O10, respectively (9, 16, 17). For the 
preparation of GO, 1 g of natural graphite flake (Wako, 99.999% purity, 100 mesh) was oxidized and then 
exfoliated into unilamellar nanosheets under sonication for 30 min, the suspension of which was diluted into 
1 dm
3
. We named the concentration of this GO suspension as 1 g dm
-3
. For the preparation of oxide 
nanosheets, K0.8Ti1.73Li0.27O4 and KCa2Nb3O10 were converted into protonated phases by acid-exchange with 
HCl and HNO3 solutions, respectively. The resulting samples (4 g each) were shaken in the aqueous solution 
(1 dm
3
) containing tetrabutylammonium (TBA) ions at concentrations of 0.0258 and 0.0075 mol dm
-3
, 
respectively. The TBA ions can exchange with the protons within the interlayers and exfoliate the bulk 
precursors to be unilamellar nanosheets.  
 
4.2.2 Preparation of PEI-anionic nanosheets  
    To tune the surface charges of the GO by the polycations, the process is as follows (Figure 4.1). Typically, 
12.4 cm
3
 of the original GO suspension was diluted to 50 cm
3
 with water, the pH of which was adjusted to be 
9 or 11 by diluted TBAOH solution. The pH of polyethylenimine (PEI, Mw = 7.5 × 10
5
 g) solution (20 cm
3
) 
with a concentration of 50 or 125 g dm
-3
 was adjusted to be the same as that of the GO suspension. Then the 
GO suspension was slowly injected into the PEI solution at a speed of 2 cm
3
 min
-1
 under stirring. After 
stirring the mixed suspension overnight, the polymer in excess was removed by repeating centrifugation (2 × 
10
4
 rpm, 30 min) and washing cycles twice. Finally the PEI-modified GO (PEI-GO) was redispersed in water.  
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Figure 4.1. Schematic illustration of the modification process of the anionic GO by high molecular weight 
polymer solution.  
 
    The modification process of the oxide nanosheets with polycations is similar to that of GO. Typically, 10 
cm
3
 of the original Ti0.87O2
0.52-
 (or Ca2Nb3O10
-
) nanosheet suspension was diluted to 50 cm
3
 with water and 
the pH value of them was adjusted to be 9 or 11 by diluted hydrochloric acid solution. The pH of 
polyethylenimine (PEI, Mw = 7.5 × 10
5
 g) solution (20 cm
3
) with a concentration of 50 or 125 g dm
-3
 was 
adjusted to be the same as that of the Ti0.87O2
0.52-
 (Ca2Nb3O10
-
) suspension by the acid. Then the oxide 
nanosheet suspension was slowly injected into the PEI solution at 2 cm
3
 min
-1
 under stirring. After stirring 
the mixed suspension overnight, the polymer in excess was removed by repeating centrifugation (2 × 10
4
 
rpm, 30 min) and washing cycles twice. Finally the PEI-modified oxide nanosheet (PEI-Ti0.87O2
0.52-
/PEI-
Ca2Nb3O10
-
) was redispersed in water. 
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4.2.3 Instruments  
    Atomic force microscope (AFM, Seiko SPA 400) was used to examine the topography of the nanosheets 
on Si wafers. Zeta potential values of nanosheet suspensions were measured on an ELS-Z zeta-potential & 
particle size analyzer. We applied the DLS technique (Photal Otsuka Electronics (model ELSZ-2)) to obtain 
the lateral size distribution of the nanosheets before and after modification with PEI molecules. The result 
may not be precise enough, because the analysis assumes isotropic particles as a light scatter. Still it can 
roughly give some hints on the size distribution of the 2D nanosheets. Fourier transform infrared (FTIR) 
spectroscopy and X-ray photoelectron spectroscopy (XPS) have been used to characterize the functional 
groups in the original GO and the polycation modified GO.   
 
4.3 Results and discussion 
4.3.1 Tuning the surface charge of the GO by high molecular weight cationic polymer solution  
     Firstly, the surface of the GO was modified by polycations. By slowly dropping the GO suspension into 
the PEI solution (Mw = 7.5 × 10
5
 g), no sediments was observed in the mixed sample. Tyndall light scattering 
can be clearly identified in the original GO suspension and the mixed one with the PEI solution, indicating 
the presence of abundant nanosheets well dispersed in both suspensions (Figure 4.3a-b). On the other hand, 
the color of the GO suspension changed from light yellow to dark brown by mixing with the PEI solution 
(Figure 4.3c), which suggests some interaction between the GO and PEI. The final dark color of the PEI-
modified GO (PEI-GO) suspension suggests some degree of reduction of the GO upon mixing with the PEI 
solution (Figure 4.3d).  
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Figure 4.3. Photographs of GO suspension (a) before and (b) just after dropping into the PEI solution (Mw = 
7.5 × 10
5
 g), (c) PEI solution and (d) PEI-GO suspension.  
 
    The FTIR spectra and XPS analysis of the original GO and PEI-GO powder samples, recovered by high 
speed centrifugation and vacuum drying at room temperature, have been used to characterize the change of 
the composition after modification. For the FTIR data (Figure 4.4), absorption bands at 1055, 1219, 1614 and 
1720 cm
-1
 in the red trace (a) may be attributable to the stretching vibration of alkoxy (C-O) group, 
asymmetric stretching modes of the epoxy (C−O−C) group and water molecules, and stretching mode of 
C=O, respectively (18). Peaks at 1100, 1472, 1630, 2847 and 2924 cm
-1
 in the blue trace (b) correspond to C-
N bending
 
(19), N-H bending (20), N-H bending
 
(14), C-H2 stretching and C-H3 stretching (14, 20), 
respectively. After the treatment with PEI, the bands from C-O-C and C=O groups on GO weakened, while 
those from C-N, N-H and C-H2 groups due to PEI molecules increased in intensity. These changes suggest 
the attachment of PEI molecules on GO and the concurrent reduction of GO. 
    From the XPS data, the increase of the C-N and C-C bonds in PEI-GO has also been confirmed, indicating 
the attachment of PEI. The decrease of oxidative functional groups, such as C-O-C and C=O bonds, can also 
be noticed. From the survey XPS analysis of GO (black trace) and PEI-GO (red trace) powdery samples 
(Figure 4.5), the appearance of the N1s peak and the decrease of the O1s peak can be clearly identified after 
the modification of the PEI. To further characterize the change of the functional groups, the high resolution 
scanning for the C1s and O1s peaks were proceeded (Figure 4.6-4.7 and Table 4.1). The deconvoluted 
components arising from C=C (284.5 eV), C-H (285.0 eV), C-C (285.5 eV), C-N (285.9 eV), C-OH (286.4 
eV), C-O-C (287.2 eV), C=O (287.7 eV) and COO (288.8 eV) are shown as red, brown, green, light blue, 
blue, purple and pink dash traces, respectively (21-23). It is clear that the intensity of the peaks associated 
with oxidative functional groups, particularly for C-O-C, decreased upon treatment with PEI, suggesting 
reduction of GO. For the O1s peak, the deconvoluted components attributable to C=O (531.2 eV), C-O-(H/C) 
(533 eV) and C-O-N (533.9 eV) bonds are shown as red, green and blue dash traces, respectively (24). The 
broadening of the O1s peak and the appearance of C-O-N peak after the modification suggest that GO and 
PEI are combined via the interaction between the oxidative functional groups on GO and the imine moiety of 
PEI. 
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Figure 4.4. FTIR spectra for (a) original GO and (b) PEI-GO powder samples, which were recovered from 
their suspensions by high speed centrifugation and vacuum drying at room temperature.  
 
 
 
 
Figure 4.5. Survey X-ray photoelectron spectra (XPS) of GO (black trace) and PEI-GO (red trace) powder 
samples. The spectra were normalized based on the intensity of C1s peak. We can see the appearance of N1s, 
and the intensity decrease of O1s peak in PEI-GO. 
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Figure 4.6. Narrow-scan XPS for C1s peak for (b) GO and (c) PEI-GO. 
 
Table 4.1. The calculated abundance of the functional groups shown in Figure 4.6. 
C1s GO PEI-GO 
C=C (284.5 eV) 14.1 % 15.1 % 
C-H (285.0 eV) 20.7 % 16.9 % 
C-C (285.5 eV) 9.8 % 18.5 % 
C-N (285.9 eV) 0.1 % 8.8 % 
C-OH(286.4 eV) 9.2 % 17.9 % 
C-O-C (287.2 eV) 29.0 % 8.8 % 
C=O (287.7 eV) 11.0 % 6.6 % 
COO (288.8 eV) 6.3 % 7.3 % 
 
 
 
Figure 4.7. Narrow-scan XPS for O1s peak for (a) GO and (b) PEI-GO. 
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    The change of the thickness was indicated by AFM height profile. The typical AFM image of the PEI-GO 
shows the monodisperse sheets on the substrate, indicating that the nanosheets were not restacked in the 
suspension (Figure 4.8). Compared with the clean and extremely flat surface of the original GO (Figure 4.9a, 
1.0 nm), the modified GO was somewhat rougher and thicker because of the attached PEI molecules (Figure 
4.9b). The thickness showed an increase from 1.0 nm for the pristine GO to 1.9 and 2.3 nm for mixed PEI 
solutions of pH values of 9 and 11 (Figure 4.10). The increase in thickness with the pH value can be 
understood from the weakly acidic nature of GO. The functional groups such as C-O-C tend to dissociate to 
produce a more negative charge under higher pH value, consequently more polycations would attach on the 
surface of the GO, which has been proven by the change in the zeta potential (Figure 4.11). On the other 
hand, the concentration of the PEI solution did not make a difference. The thickness of the PEI-GO was 
stable after repeated centrifugation and washing cycles, which suggests that the absorbed PEI polycations are 
strongly attached onto the GO surfaces. 
   The surface charge of nanosheets was reflected using the zeta potential measured on an ELS-Z zeta-
potential & particle size analyzer. The zeta potential values of the PDDA-GO (PDDA: Mw = 1-2 × 10
5
 g) and 
PEI-GO (PEI: Mw = 7.5 × 10
5
 g) suspensions are positive, whereas the original GO is negatively charged, 
confirming the successful modification of the anionic GO into positively charged (Figure 4.11). By far, we 
have indicated the successful modification of GO by organic molecules, such as PDDA (Mw = 1-2 × 10
5
 g) 
and PEI (Mw = 7.5 × 10
5
 g).  
 
 
Figure 4.8. Typical AFM image of the PEI-GO deposited on the Si substrate by drying drops of the diluted 
suspension. 
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Figure 4.9. Typical tapping mode AFM images of (a) originalGO (1.0 nm) and (b) PEI-GO (2.2 nm) 
deposited on a Si substrate. 
 
 
 
 
Figure 4.10. Thickness of the original GO and final PEI-GO obtained by modifying GO with the PEI 
solution at different pH values (9 and 11) and concentrations (50 and 125 g dm
−3
). 
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Figure 4.11.  Typical zeta potential of original GO, PEI-GO, and PDDA-GO suspensions as a function of pH 
value. 
 
    To further elucidate and understand the mechanism of the modification on the GO surface by organic 
molecules. Other polycations, such as PDDA (Mw = 1-2 × 10
5
 g) and low-molecular-weight PEI (Mw = 600-
800 g), were also examined. The GO nanosheets were aggregated to produce a flocculated product by 
dropping into the low-molecular-weight PEI solution (Mw = 600-800 g, Figure 4.12a). A similar flocculation 
was previously reported when the small sized PEI molecules was added into a graphite oxide suspension (25). 
On the other hand, the GO was well dispersed in high-molecular-weight polyelectrolyte solutions, such as 
PDDA (Mw = 1-2 × 10
5
 g, Figure 4.12b) and PEI (Mw = 7.5 × 10
5
 g, Figure 4.12c). In the next paragraph, the 
mechanism for the stability of GO in high molecular weight organic molecules were studied.  
 
 
Figure 4.12. Photographs of GO suspensions mixed with a solution of (a) PEI (Mw = 600–800 g), (b) PDDA 
(Mw = 1–2 × 10
5
 g) and (c) PEI (Mw = 7.5 × 10
5
 g). The GO suspension and PEI solutions were mixed and 
stirred overnight. 
 
97 
 
4.3.2 Mechanism of the stability of GO in the high molecular weight cationic polymer solution 
    The PEI we used is basically linear chain polymer although with some branches, and the chemical 
structure can be simplified to be –[CH2-CH2-NH]–n (Figure 4.13). This means the molecular weight for each 
repeated unit is 43. The bond length of C-C is 0.154 nm and C-N is 0.147 nm, and the bond angle between 
the C-C bond and the C-N bond is around 109.3º. In each repeated unit, there are one C-C bond and two C-N 
bonds. If we assume that the polymer chain extends in trans-trans configuration (Figure 4.13), the length of 
each unit along the extending direction is (1 × 0.154 nm × sin54.65º + 2 × 0.147 nm × sin54.65º) = 0.365 nm. 
Therefore, the length of PEI molecules can be expressed as (Mw /42) × 0.365 nm. When the molecular 
weight is 7.5 × 10
5
 and 600–800 g, the corresponding sizes of the PEI molecules are 6.4 μm and 5.1–6.8 nm, 
respectively (Figure 4.14).  
    The lateral size of the GO nanosheets before and after modification with PEI was characterized by DLS 
technique. The result may not be precise enough quantitatively, because the analysis assumes isotropic 
particles as a light scatter. Still it can roughly give some hints on the size distribution of the 2D nanosheets. 
The average lateral size of the GO is approximately 1 μm before and after the PEI modification (Figure 4.14), 
which means that the modified GO has long polycation chains that extend over the nanosheet edge (Figure 
4.14a). The polycation chains in contact with the GO may neutralize the surface charges, and the chains 
extending outside the GO may fold to the front of the GO, providing a net positive charge on the surfaces 
(Figure 4.15b). This configuration could prevent the approach of other modified GO. The PDDA used in the 
study also has a high-molecular-weight (Mw = 1-2 × 10
5
 g), a similar mechanism can help to stabilize the 
modified GO suspension. By contrast, the low-molecular-weight (Mw = 600-800 g) PEI is much shorter in 
length (5.1-6.8 nm), which is much smaller than the lateral size of the GO. Under such a situation, the GO 
would restack together because of the local high concentration of cations, resulting in flocculation. Until here, 
we have proven the importance of the long chain polymer as a modifying agent. In the next paragraph, the 
modification of other kinds of anionic nanosheets has been examined.   
 
 
Figure 4.13. The configuration of the polymer chain on the surfaces of nanosheets. C-C bond length: 0.154 
nm, C-N bond length: 0.147 nm. 
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Figure 4.14. Size distribution of (a) original GO and (b) PEI-GO. 
 
 
 
Figure 4.15. (a) Schematic illustration of lateral Size of the GO and the length of the PEI polymer chain with 
different molecular weight. (b) Schematic illustration of the mechanism for the stability of GO in high 
molecular weight PEI solution and the instability in low molecular weight PEI solution.   
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4.3.3 Tuning the surface charge of other kinds of anionic nanosheets 
     The modification of other anionic nanosheets, such as Ti0.87O2
0.52-
 and Ca2Nb3O10
-
, was also examined 
using the high-molecular-weight PEI (Mw = 7.5 × 10
5
 g) solution. After mixing them with the PEI solution, 
the samples kept in a colloidal state without sediment. Tyndall light scattering can also be identified in all the 
suspensions (Figure 4.16a-d). The color or the translucent nature (Figure 4.16b and d) was unchanged, as 
predicted, indicating the polycations are simply attached onto the anionic oxide nanosheets via electrostatic 
adsorption.  
    The change of thickness for the Ti0.87O2
0.52-
 nanosheets after the surface charge modification has also been 
studied to see the difference from the modification of GO. A typical AFM image of the PEI-Ti0.87O2
0.52-
 
deposited on a substrate in a 10×10 µm scale further suggests its good dispersion in the suspension (Figure 
4.17). The thickness of the PEI-Ti0.87O2
0.52-
 was found to significantly increase compared with that of the 
pristine Ti0.87O2
0.52- 
nanosheets (Figure 4.18a-b). The average thickness of the PEI-Ti0.87O2
0.52-
 was 2.1 and 
2.9 nm for the samples modified with PEI solutions having pH values of 9 and 11, respectively (Figure 4.19). 
The PEI concentrations did not influence the observed height of the modified nanosheets if their pH values 
were the same. This is similar with the situation of GO. The maximum increase of the thickness for the 
Ti0.87O2
0.52-
 nanosheets (1.8 nm) was larger that of GO (1.3 nm), probably due to their higher surface charge 
density, and consequently, more polycations are adsorbed onto their surfaces to balance the negative charges. 
The adsorbed polycations were firmly attached to the nanosheet surface. During the centrifugation and 
washing cycles to remove the excessive PEI molecules in the suspension, the thickness of the modified 
nanosheets remained nearly constant. The cationic nature of the PEI-Ti0.87O2
0.52-
 and PEI-Ca2Nb3O10
-
 was 
proven by their positive zeta potential values, while the negative values of the pristine oxide nanosheets 
indicate the negatively charged nature (Figure 4.20). Therefore, we may say our method to tune the surface 
charges of the anionic nanosheets by long chain polycations should be universal.  
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Figure 4.16. Ti0.87O2
0.52-
 and Ca2Nb3O10
-
 nanosheet suspensions (a-b) before and (c-d) after dropping into the 
PEI solution (Mw = 7.5 × 10
5
 g). 
 
 
 
 
 
Figure 4.17. Typical tapping-mode AFM image of PEI-Ti0.87O2
0.52-
. No aggregation of the nanosheets was 
detected. 
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Figure 4.18. Typical tapping-mode AFM images of (a) original Ti0.87O2
0.52− and (b) PEI-Ti0.87O2
0.52−. 
 
 
Figure 4.19. Thickness of original Ti0.87O2
0.52− and PEI-Ti0.87O2
0.52−, obtained by the treatment with the PEI 
solution at different pH values (9 and 11) and PEI concentration (50 and 125 g dm−
3
). 
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Figure 4.20. Typical zeta potential of (a) original Ti0.87O2
0.52-
 and PEI-Ti0.87O2
0.52-
 suspensions, and (b) 
original Ca2Nb3O10
-
 and PEI-Ca2Nb3O10
-
 suspensions suspensions as a function of pH value. 
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4.4 Conclusions 
     Anionic nanosheets, such as GO, Ti0.87O2
0.52-
 and Ca2Nb3O10
-
, has been successfully modified to be 
positively charged through interaction with high-molecular-weight polycations, such as PEI (Mw = 7.5 × 10
5
 
g) and PDDA (Mw = 1-2 × 10
5
 g). The modified nanosheets are stable in suspensions. The discoveries are 
important because the process practically expands the nanosheet family by freely tuning the surface charges 
of nanosheet. This approach may also be applied to cationic nanosheets and even electrically neutral 
nanosheets to modify them with a desired charge. One great benefit of the process developed here is that it 
provides a facile route to produce superlatticelike composites in bulk quantity by combining two types of 
nanosheets of your choice, based on the electrostatic attraction of the oppositely charged nanosheets. We will 
discuss the flocculation of the anionic nanosheets in the next chapter.   
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Chapter 5. Bulk-scale production of superlattice composites 
 
 
5.1 Introduction 
    Achieving various two dimensional (2D) materials with different functionalities and properties has been a 
hot topic in the past decade (1-5). The 2D structural nature of these unilamellar or few layered sheets leads to 
a wide range of intriguing properties. In parallel with the efforts on this, the study of stacking multiple 2D 
materials with complementary properties into heterostructures becomes another forefront challenge, which 
offers a new way for designing new materials and achieving novel functionalities (2, 6-14). Recent work 
based on van-der-Waals-like heterostructures (2, 7-10), and oxide nanosheet-based film heterostructures (6, 
11-14), assembled with different 2D materials by electrostatic sequential adsorption or Langmuir-Blodgett 
deposition, have shown the advantages of these molecular level hetero-assemblies. In the van-der-Waals-like 
hexagonal boron nitride (h-BN)/graphene-based heterostructures, highly improved carrier mobility of 
graphene has been achieved (7, 10). Hofstadter’s butterfly (8) and light induced doping effect (15) have been 
observed due to the interaction between graphene and h-BN. Greatly enhanced ferroelectricity (12), 
magnetic-optic property (13), and photochemical energy conversion
 
(14) have been demonstrated in the 
oxide nanosheet-based film heterostructures due to the interfacial coupling effects between different oxide 
nanosheets. However, although plenty of intriguing properties have been demonstrated in the van der Waals 
heterstructures and oxide nanosheet based film heterostructures, in some practical applications, a large-scale 
material and its facile production are required. 
     Previous reports have demonstrated that stacked composites of nanosheets as supperlattices could be 
produced via the electrostatic attraction force between oppositely charged nanosheets. This might be a 
feasible route to fabricate the superlattice materials in a bulk amount. Several works in our group and others 
have ever reported the flocculation of cationic layered double hydroxide (LDH) nanosheets with the anionic 
oxide nanosheets or graphene oxide (GO) (16-19). Due to the electrostatic attraction between the cationic 
and anionic nanosheets in solution, they would be assembled into superlattice composites with an alternate 
stacking. Such kinds of composites would show better properties than the materials constructed of each 
components. The superlattice stacked Zn-Cr LDH/titania nanosheets hybrids were fairly active for visible 
light-induced oxygen generation compared with Zn-Cr LDH or titania nanosheets (17). The molecular-scale 
heteroassembly of RGO and redoxable LDH nanosheets had much higher capacitance than the RGO sheets 
(16). However, although the successful restacking of cationic and anionic nanosheets into superlattice 
composites has been demonstrated, it was reported the flocculation of mixed anionic nanosheets suspension 
into superlattice stacking remained a great challenge given the absence of electrostatic attraction between 
two different kinds of anionic nanosheets (20). As mentioned in the last chapter, the positively charged 
nanosheets are rare. This greatly hampers the diversity of functionality of the hetero-assembled composites.  
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    As we have invented a method to tune the surface charges of the anionic nanosheets in the last chapter, in 
this contribution we intend to flocculate the polycations modified anionic nanosheets with other kind of 
original anionic nanosheets. The superlattice structures have been proven by the XRD and TEM.  
 
5.2 Experimental section 
5.2.1 Flocculation of the cationic nanosheets (polycation modified anionic nanosheets) with 
anionic nanosheets, and the flocculation of mixed GO/Ti0.87O2
0.52-
 suspension by polycations  
    The original GO and Ti0.87O2
0.52-
 nanosheet suspension were prepared by the Hummers’ method and the 
chemical exfoliation method (21, 22). The polycation modified anionic nanosheets, such as PEI-GO and PEI-
Ti0.87O2
0.52-
, were prepared using the method described in the last chapter.  
    Here we use the cationic PEI-GO and anionic titania nanosheet as an example to show the flocculation 
procedure (Figure 5.1a). 12.4 cm
3
 of the original GO suspension (1 g dm
-3
) was modified to be PEI-GO by 
the above procedure. The PEI-GO suspension was diluted into 500 cm
3
 with water, giving the concentration 
of GO, c (GO) = 2.48 × 10
-2
 g dm
-3
. The pH value of the suspension was adjusted to 9. Then 10 cm
3
 of the 
Ti0.87O2
0.52-
 nanosheet suspension (3.48 g dm
-3
), which was under the surface area balance 1:1 with the PEI-
GO suspension, was diluted to 500 cm
3
 (6.96× 10
-2
 g dm
-3
). The pH of the diluted Ti0.87O2
0.52-
 nanosheet 
suspension was adjusted to 9 to make the absolute value of the zeta potential to be close to the above PEI-
GO suspension. Both suspensions of the cationic and anionic nanosheets were injected dropwise into a 2 dm
3
 
beaker, which was filled with 1 dm
3
 of water (pH = 9), at the same speed of 5 cm
3
 min
-1
 under stirring. The 
preparation procedure of flocculated products from PEI-Ti0.87O2
0.52-
 and GO, or PEI-Ti0.87O2
0.52-
 and 
Ca2Nb3O10
-
, is the same as above, but the pH depends on the absolute value of zeta potential of the cationic 
and anionic nanosheet suspension. The flocculated products were recovered via centrifugation at 2000 rpm 
for 10 min, and dried under vacuum. 
    For the flocculation of the mixed GO/Ti0.87O2
0.52-
 suspension by a conventional procedure, the high 
concentration PEI (Mw = 7.5×10
5
 g) solution was slowly dropped into the mixed suspension (Figure 5.2b), 
and the precipitation would happen spontaneously. The sediment in the bottom was recovered via 
centrifugation, and dried under vacuum.  
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Figure 5.1. (a) Schematic illustration of the flocculation by heteroassembling the anionic titania nanosheets 
and the cationic PEI-GO. (b) Schematic illustration of the “conventional” flocculation procedure. 
 
5.2.2 Instruments  
    Scanning electron microscopy (Hitachi S-4800) was used to observe the morphology of the flocculated 
products. The intrasheet structure of the GO prepared was detected by in-plane X-ray diffraction (XRD) 
using synchrotron X-ray radiation (λ = 0.11971 nm). Powder X-ray diffraction data were collected using 
Rigaku RINT-2200 diffractometer with a monochromatic Cu Kα radiation (λ = 0.15405 nm). Transmission 
electron microscopy (JEOL JEM-2100F with an energy dispersive X-ray spectrometer) has been applied to 
examine the microscopic structure of flocculated products.  
 
5.3 Results and discussion 
5.3.1 Preparation for the flocculation 
    As previously reported, if two types of nanosheet suspensions, oppositely charged, mixed together, bulk-
scale synthesis of superlatticelike composites of them can be achieved based on a flocculation procedure. 
Thus, the interaction between the colloidal suspensions of polycation-modified anionic nanosheets and 
anionic nanosheets is of great interest. This means a chance to superlattice stacking two types of original 
nanosheets with the same charges, which will greatly enrich the functionalities of the 2D superlatticelike 
composites. Here, we will focus on the GO and Ti0.87O2
0.52-
 nanosheets, both of which are originally 
negatively charged and have been well studied, as examples. For the combination, there are two important 
parameters that need to be considered: the surface area matching of the two types of nanosheets and their 
stability (zeta potential) in suspensions. Based on the previous experiences (16, 19), in the restacking process 
of oppositely charged nanosheets, the exact surface area of the two counterparts (1:1) would be the same, 
whereas the total charge balance would be compensated through the incorporation of additional charged 
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species such as counter anions/cations in the suspension. According to the compositional and structural 
aspects of both nanosheets (Figure 5.2a-c), the weight ratio of Ti0.87O2
0.52-
 to GO is estimated to be 2.8:1 to 
reach a balanced surface area (Figure 5.2d). The stability of each suspension was checked by the zeta 
potential. As shown in the last chapter, the zeta potential of the sheet suspension depends on the pH value. 
The pH values that correspond to similar absolute zeta potential values for the two suspensions were chosen 
for the mixing. Typically, for the PEI-GO and Ti0.87O2
0.52-
 nanosheets used for the flocculation, the absolute 
zeta potential is 35 when pH equals 9. We then did the experiment under this pH value. 
 
Figure 5.2. (a) In-plane structure of graphene with a hexagonal unit cell: a = 0.25 nm; Z = 2. The surface 
weight density A1 = 2M(G)/[a × b × sin120° × NA] = 0.761×10
-3
 g m
-2
, where M(G) and NA is the molecular 
weight of graphene and the Avogadro’s number, respectively. The ideal graphene structure was used to 
estimate the area balance between GO and Ti0.87O2
0.52-
, assuming that the deviation to GO is small enough. 
(b) In-plane structure of Ti0.87O2
0.52-
 nanosheet with a rectangular unit cell: a = 0.38 nm; c = 0.30 nm; Z = 2. 
The surface weight density A2 = 2M(Ti0.87O2
0.52-
)/[a × c × NA] = 2.153×10
-3
 g m
-2
, where M(Ti0.87O2
0.52-
) is the 
formula weight of Ti0.87O2
0.52-
 nanosheet. (c) In-plane XRD (λ = 0.11971 nm) of the GO film. Diffraction 
peaks at a spacing 0.21 and 0.12 nm are due to the (100) and (110) crystal plane. The spacing is nearly the 
same as the ideal graphene model shown in (a), indicating the validity of using the model in (a) for the 
flocculation. (d) A structural model of the superlattice material constructed from GO and Ti0.87O2
0.52-
. The 
final weight ratio (W) for Ti0.87O2
0.52-
 and GO under the area balance 1:1 is W(Ti0.87O2
0.52-
)/W(GO) = A2/A1 = 
2.8 : 1. 
109 
 
5.3.2 Characterization of the flocculated products by XRD 
    We carried out the experiment by slowly injecting the suspensions of the PEI-GO and Ti0.87O2
0.52-
 
nanosheets into water simultaneously. The suspensions with nanosheet contents reached an area balance (1:1) 
were diluted with water into equal volume, and dropped into the water at equal speeds (see Experimental 
section). In such a manner, the cationic (or modified) and anionic nanosheets were fed into the reaction 
medium at the required proportion. As the oppositely charged nanosheets reach a balance at any moment by 
our developed procedure, the homogeneous superlattice stacking of the oppositely charged nanosheets may 
proceed through their electrostatic attraction. The flocculated products achieved by combining PEI-GO 
(thickness: 2.2 nm) and Ti0.87O2
0.52-
 nanosheets (thickness: 1.1 nm) was examined as a typical example for 
this study. The flocculation happened immediately after injecting them into the beaker. The products 
recovered by centrifugation and vacuum drying at room temperature exhibited a lamellar structure (Figure 
5.4), indicating a face to face restacking of the oppositely charged nanosheets. The XRD data showed peaks 
from the intrasheet reflections of Ti0.87O2
0.52-
 and GO, confirming the coexistence of both nanosheets in the 
product (Figure 5.5a). A clear diffraction peak, although broad, was detected in a low angular range due to 
the layered structure (Figure 5.5b, red trace). This peak showing a d-spacing of 1.7 nm, equals the average 
thickness of PEI-GO (2.2 nm) and Ti0.87O2
0.52-
 nanosheet (1.1 nm). It might be taken as the second-order 
reflection from the alternately stacked structure of the two types of nanosheets. Therefore, we carried out a 
simulation on the intensities of the basal reflection from the superlatticelike structure, which indicated that 
the second-order peak is much stronger than the first-order one (Figure 5.6). This means the peak in Figure 
5.5b can be taken as the evidence for the alternating stacking of modified GO and Ti0.87O2
0.52-
 nanosheets. 
 
 
Figure 5.4. SEM image of the sample obtained by flocculating a PEI-GO suspension (thickness: 2.2 nm) 
with a Ti0.87O2
0.52− suspension (thickness: 1.1 nm). 
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Figure 5.5. (a) XRD patterns: the flocculation product from PEI-GO suspension (2.2 nm) and Ti0.87O2
0.52-
 
nanosheet suspension (1.1 nm) (red trace). Product obtained through the “conventional” flocculation process 
involving dropping of a PEI solution into the mixed nanosheet suspension (black trace). Peaks appeared in a 
higher 2θ range are attributable to the intrasheet diffraction peaks of Ti0.87O2
0.52-
 and GO, while a broad 
feature in a low 2θ range is due to the restacked structure. (b) An expanded view in the 2θ range below 20º. 
 
 
Figure 5.6. (a) Structural model of the superlattice film of (PDDA/GO/PDDA/Ti0.87O2
0.52-
)5. (b) The atomic 
position and the site occupancy in a superlattice cell. (c) Simulated XRD pattern of the superlattice 
composites. The broad hump at approximately 23º is due to the amorphous halo from the glass substrate. 
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     To further confirm the superlattice stacking of the GO and the Ti0.87O2
0.52-
 nanosheets by our developed 
method, a “conventional” procedure to flocculate these two species has been proceeded. The products 
obtained from this route was used for comparison with the one achieved by our developed method above. 
This “conventional” procedure involves two steps: the mixing of the nanosheet suspensions and the 
subsequent injection of the polycation solution into the mixed suspension (Figure 5.1b). The black trace in 
Figure 5.5b represents the XRD data for a sample produced by the “conventional” way; the suspensions of 
GO and Ti0.87O2
0.52-
 nanosheets were mixed, and then PEI (Mw = 7.5 × 10
5
 g) solution was poured dropwise 
into the mixed suspension. It is clear that the sample produced by our method showed a better-defined peak, 
suggesting a better-ordered lamellar structure (Figure 5.5b, red traces). The different quality of the lamellar 
structure should be due to the different flocculation procedure. In the present process, two kinds of 
nanosheets, the modified GO and pristine Ti0.87O2
0.52-
, are oppositely charged in the reaction medium. This 
can promote their stacking in an alternate way. By contrast, the “conventional” process may not ideally 
proceed, and the nanosheets will stack in a rather random way. This better lamellar structure of the products 
by our method may also indirectly indicate the alternate stacking of the two species. To further confirm the 
feasibility of the developed method to produce superlatticelike stacked composites, PEI-GO and PEI-
Ti0.87O2
0.52-
 with different thicknesses were flocculated with pristine Ti0.87O2
0.52-
 and GO, respectively (Figure 
5.7). All the XRD data show peaks corresponding to basal spacings (di and di′) that are half of the 
superlattice units (Table 5.1), indicating the desired alternating stacking of anionic nanosheets could be 
achieved by our new method. 
 
 
Figure 5.7. (a) XRD patterns: products obtained by flocculating different thickness (ti) PEI-GO suspensions 
with Ti0.87O2
0.52-
 suspension (thickness: 1.1 nm). (b) XRD patterns: products obtained by flocculating 
different thickness (ti′) PEI-Ti0.87O2
0.52-
 suspensions with GO (thickness: 1.0 nm). 
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Table 5.1. Thickness of nanosheets and intersheet spacings obtained from XRD data. 
PEI (Mw = 7.5×10
5
  
g) solution used for 
modification 
Thickness of 
PEI-GO 
Thickness of 
Ti0.87O2
0.52-
 
Theoretical 
thickness of the 
superlattice 
Intersheet 
spacing from 
XRD 
pH = 11, c = 50 g dm
-3
 t1 = 2.2 nm 1.1 nm 3.3 nm d1 = 1.7 nm 
pH = 9, c = 50 g dm
-3
 t2 = 1.9 nm 1.1 nm 3.0 nm d2 = 1.5 nm 
pH = 11, c = 125 g dm
-3
 t3 = 2.3 nm 1.1 nm 3.4 nm d3 = 1.7 nm 
 Thickness of 
PEI-Ti0.87O2
0.52-
 
Thickness of 
GO 
  
pH = 11, c = 50 g dm
-3
 t1′ = 2.9 nm 1.0 nm 3.9 nm d1′ = 1.9 nm 
pH = 9, c = 50 g dm
-3
 t2′ = 2.1 nm 1.0 nm 3.1 nm d2′ = 1.6 nm 
pH = 11, c = 125 g dm
-3
 t3′ = 2.9 nm 1.0 nm 3.9 nm d3′ = 2.0 nm 
 
 
5.3.3 Characterization of the flocculated products by TEM 
     TEM, which can obtain atomic scale structural information, has been used to confirm the stacking order 
of the nanosheet units in the composites from a microscopic viewpoint. Prior to observation, the flocculated 
product from PEI-GO and Ti0.87O2
0.52-
 was annealed at 300 °C for 2 h to decompose the organic moieties 
within the interlayers, which can contaminate the microscope. XRD data showed a greatly contracted basal 
peak at 1.1 nm for the annealed products (Figure 5.8). Since all the organic moieties in the products were 
removed and the GO was reduced during the annealing process, the 1.1 nm may not be taken as the second-
order peak of the superlattice structure, but as the first-order peak. According to the low magnification TEM 
image, wrinkles were formed in the as annealed products, probably due to the soft chemical nature of the 
rGO (Figure 5.9a). The coexistence of Ti0.87O2
0.52-
 and rGO nanosheets was confirmed by electron diffraction 
as well as the energy dispersive X-ray analysis (Figure 5.9b-c). Lamellar lattice fringes could clearly be 
identified along the cross section of the annealed products (Figure 5.10a). The repeating unit of the as-
prepared product is composed of two parts with different thicknesses, 0.7 nm and 0.4 nm, which can be 
attributed to Ti0.87O2
0.52-
 and rGO, respectively (Figure 5.10b). The total thickness of 1.1 nm coincides with 
the XRD data shown in Figure 5.8d. Thus, the microscopic observation also demonstrated the superlattice 
stacking of the GO and Ti0.87O2
0.52-
 nanosheets. The annealed products consisting of PEI-Ti0.87O2
0.52-
 and GO 
showed a result similar with above (Figure 5.11). In addition, when other types of anionic nanosheets, such 
as Ti0.87O2
0.52-
 and Ca2Nb3O10
-
 nanosheets, when flocculated by our method, the alternating stacking of them 
at the molecular level could also be obtained (Figure 5.12), suggesting that the present method to produce a 
bulk scale heteroassembly of any two types of anionic nanosheet might be universal.   
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Figure 5.8. (a) Original XRD pattern of the product by flocculating the PEI-GO and original Ti0.87O2
0.52-
 
nanosheets. (b-d) XRD patterns of samples by annealing the as prepared product under different conditions. 
 
 
Figure 5.9. (a) TEM image of the flocculated products from PEI-GO and Ti0.87O2
0.52-
 nanosheet followed by 
annealing at 300 ºC for 2 h. (b) An electron diffraction pattern taken from a selected small area of the sample 
shown in (a), yielding an elliptical pattern. This ellipsoidal reciprocal lattice is ascribed to the some tilt of the 
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2D sample with respect to the electron beam.
9
 Peaks along the x direction indicate a d-spacing of 0.38, 0.30, 
0.24, 0.19, 0.15 and 0.12 nm, coming from the lattice planes of Ti0.87O2
0.52-
 for (100), (010), (110), (200), 
(020) and (220), respectively. The peak corresponding to a d-spacing of 0.21 nm comes from the crystal 
plane of rGO for (100). Peaks along the y direction give smaller d-spacing. The in-plane diffraction from 
rGO and Ti0.87O2
0.52-
 nanosheets can be identified from the pattern, proving their intactness at a molecular 
level. (c) Energy dispersion X-ray (EDX) analysis data of the products in (a), which also indicate the 
coexsistence of rGO and Ti0.87O2
0.52-
 nanosheets. 
 
 
Figure 5.10. (a) TEM image of the edge section of a flocculated product obtained by mixing the PEI-GO 
suspension with the Ti0.87O2
0.52−
 suspension, followed by annealing at 300 °C for 2 h. (b) Magnification of 
the image shown in the white box of panel c. Inset: schematic representation of the stacking nanosheets in 
panel b. 
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Figure 5.11. (a) TEM image of the cross section of a typical flocculated product obtained by mixing the PEI-
Ti0.87O2
0.52-
 suspension (2.9 nm) with GO suspension (1.0 nm) and subsequent annealing at 300 °C for 2 h. 
(b) FFT data of the figure in (a), where 2/d = 1.85 1/nm, showing a basal spacing (d) of 1.1 nm. (c) 
Magnified image for the area indicated in the white box in (a), indicating that the lamellar structure is 
composed of two components: Ti0.87O2
0.52-
 (0.70 nm) and RGO (0.38 nm). (d) Schematic illustration of the 
alternately stacked nanosheets. 
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Figure 5.12. (a) TEM image of a typical product obtained via flocculation from the PEI-Ti0.87O2
0.52-
 and 
Ca2Nb3O10
-
 nanosheets and subsequent annealing at 300 °C for 2 h. A repeating unit of 1.5 nm (Ca2Nb3O10
-
) 
and 0.7 nm (Ti0.87O2
0.52-
) is clearly resolved. (b) Electron diffraction data of the annealed products, showing 
the in-plane diffraction rings from both nanosheets of Ca2Nb3O10
-
 (C) and Ti0.87O2
0.52-
 (T). (c) EDX analysis 
of the flocculated sample, indicating the coexistence of both nanosheets. (d) Elemental mapping profiles of 
the sample, showing intimate mixing of the nanosheets. (BF: bright field image)   
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5.4 Conclusions 
    By slowly dropping the polycation-modified anionic nanosheets and other kinds of anionic nanosheets into 
water, well-structured superlattice composites consisting of two kinds of nanosheets could be achieved due 
to the electrostatic attraction of oppositely charged nanosheets. Recently, the heteroassembly of 2D materials 
has become a hot topic because we may expect the multiple functionalities in one subject. We may also have 
a chance to discover new phenomena given the strong coupling effects of the ultrathin materials. Many 
promising results have been reported on heteroassembled films built by layer-by-layer deposition processes, 
such as the Langmuir-Blodgett method. Although these results are intriguing and important, these methods 
are time-consuming. Furthermore, in many practical applications, the facile scalable production of the 
material is essential. From such viewpoints, we take the results in this work are critical and important for the 
study of 2D materials. Our method provides a new process for the fundamental study and exploration of 
practical applications on bulk-scale superlatticelike materials based on 2D homogeneously unilamellar 
nanosheets. 
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Chapter 6. Major conclusions and prospects 
 
 
6.1 Major conclusions 
     Although plenty of intriguing properties have been discovered in the van der Waals heterostructures of 
different 2D materials due to the strong coupling effects of the subnanometer thickness nanosheets, for 
practical applications, the scalable production of materials is required. The present routes to produce the van 
der Waals heterostructures by scotch tape transferring or chemical vapor deposition seems to be infeasible. 
To overcome this problem, we adopted an alternative route to heteroassemble the chemically exfoliated 
nanosheets, which bear the benefits of scalable production and easy fabrication. In this study, the GO and 
titania nanosheets, which are the most typical species of 2D unilamellar nanosheets, have been used as an 
example to fabricate the superlattice heterostructures, films and composites, by solution-based techniques. 
The photocatalytic reduction of the GO by Ti0.87O2
0.52-
 nanosheets was studied and the electrical and 
optoelectrical properties of the resulting rGO-Ti0.87O2
0.52-
 films were also investigated. The major conclusions 
are as follows: 
1. Two different kinds of 2D materials, graphene oxide (GO) and titanium oxide nanosheets (Ti0.87O2
0.52−), 
were self-assembled layer-by-layer using the PDDA as a linker into a superlattice film. Successful 
construction of an alternate molecular assembly has been confirmed by AFM and UV-visible absorption 
spectroscopy as well as XRD analysis. Exposure of the resulting film to UV light effectively promoted 
photocatalytic reduction of GO as well as decomposition of the polycations, which are due to their intimate 
molecular-level contact. The reduction completed within the first 3 hours, bringing about a decrease of the 
sheet resistance by ∼106, competitive with the well-studied chemical or thermal reduction methods. 
Furthermore, this process provides a clean and mild route to reduce GO, showing advantages over 
conventional processes. 
2. The photoreduced superlattice film constructed from rGO and photoactive Ti0.87O2
0.52-
 nanosheets was 
employed as a channel to build a FET device, and its UV light response on the electrical transport property 
was examined. The device exhibited an n-type unipolar response, which changed from the ambipolar 
behavior observed prior to the irradiation. At the same time, the conductance was significantly enhanced by 
~7-fold. The enhancement, as well as the n-type unipolarity, is unique to the present device compared to the 
rather modest photomodulation reported for other graphene-based systems. These interesting behaviors may 
be explained in terms of photomodulation effects from Ti0.87O2
0.52-
 nanosheets. The photoexcited electrons in 
Ti0.87O2
0.52-
 are injected into rGO to increase the electron carrier concentration as high as 7.6 × 10
13
 cm
-2
. On 
the other hand, the holes are likely trapped in the Ti0.87O2
0.52-
 nanosheets. These photocarriers undergo 
reduction and oxidation of oxygen and water molecules adsorbed in the film, respectively, which act as 
carrier scattering centers, contributing to the enhancement of the carrier mobility. Since the film likely 
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contains much more water molecules than oxygen, upon extinction of UV light, a major portion of electrons 
(~80% of the concentration at the UV off) survives in the rGO, showing the highly enhanced conductance for 
days. This result may be regarded as effective charge storage, opening new applications for rGO or graphene.   
3. The surface charge of anionic unilamellar nanosheets, such as graphene oxide (GO), Ti0.87O2
0.52−, and 
Ca2Nb3O10
− nanosheets, has been successfully modified to be positive by interaction with polycations, such 
as PEI (Mw = 7.5 × 10
5
 g) and PDDA (Mw = 1-2 × 10
5
 g), while maintaining a monodispersed state. A dilute 
anionic nanosheet suspension was slowly added dropwise into an aqueous solution of high molecular weight 
polycations, which attach on the surface of the anionic nanosheets via electrostatic interaction. Surface 
modification and transformation to positively charged nanosheets were confirmed by various 
characterizations including AFM and zeta potential measurements. Because the length of the polycations 
used are much larger than the lateral size of the used nanosheets, the polymer chains may run off the 
nanosheet edges and fold to the fronts of the nanosheets, which could be a reason for the continued 
dispersion of the modified nanosheets in the suspension. This approach may be applied to cationic 
nanosheets and even electrically neutral nanosheets to modify them with a desired charge. One great benefit 
is that the process provides a facile route to produce superlatticelike composites in bulk quantity by 
combining two types of nanosheets of your choice, which may show intriguing properties given the intimate 
contact of the molecular thickness nanosheets.  
4. By slowly adding suspensions of polycation-modified nanosheets and pristine anionic nanosheets 
dropwise into water under suitable conditions, a superlatticelike heteroassembly can be readily produced. 
Characterizations including TEM and XRD measurements provide evidence for the formation of the 
alternately stacked structures. This approach enables the combination of various pairs of anionic nanosheets 
with different functionalities, providing a new opportunity for the creation of unique bulk-scale functional 
materials and their applications. Recently, the heteroassembly of multiple 2D materials has become an 
emerging topic because we may expect the sophisticated design of advanced functionality based on the 
concerted or synergistic interaction between the nanosheets. However, in many practical applications, the 
facile large-scale production of the material is essential. From such viewpoints, we therefore expect that the 
results in this work are of significant importance, providing a new process for the fundamental study and 
exploration of practical applications on bulk-scale superlatticelike materials composed of 2D homogeneously 
unilamellar nanosheets. 
    This research enriches the family of 2D heterostructures by combining chemically derived nanosheets into 
superlattice stacked structures: films and composites. Furthermore, these heterostructures bear the 
advantages of solution processability and large scale production. Recently, the 2D hetero-assemblies, named 
van der-Waals heterostructures, have revealed a wide range of fascinating and promising properties. 
However, the large scale production of such heterostructures is a big challenge. Our work shows a direction 
for the practical applications of 2D heterostructures based on the coupling effects of chemically derived 
nanosheets, for electronics and optoelectronics. 
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6.2 Prospects 
    Heteroassembly of different 2D materials may have a chance to integrate multiple functionalities into a 
whole. Additionally, it may also be able to discover new phenomena or properties given the coupling effect 
of these ultrathin nanomaterials. However, the present routes are infeasible to produce the heterostructures in 
a scalable and cheap way. To overcome this problem, an alternative way to prepare the heterostructures of 
2D materials is to assemble the chemically derived 2D nanosheets by solution-based techniques.  
    During the PhD's study, we developed methods to assemble chemically derived nanosheets into 
superlattice structures from different dimensionalities: films and composites, using the titania nanosheet and 
GO as an example. The photocatalytic reduction of the GO by titania nanosheet, and the electrical and 
optoelectrical properties of the resulting rGO-titania nanosheet superlattice structure have also been 
investigated. Given the promising future for practical applications of superlattice films and composites 
assembled from nanosheets, the following directions deserve further exploration based on our present studies. 
    (1) Heteroassembling various exfoliated nanosheets to explore the potentials for different applications. For 
example, if the rGO with high conductivity and MnO2 nanosheets with high electrochemical capacitance are 
assembled into superlattice films or composites, the high capacitance at high speed may be predicted during 
the charge and discharge process. If the titania nanosheets with high UV absorption and MnxCo1-xO2 
nanosheets with magnetic properties are combined into superlattice structure, the magnetic-optical property 
may be shown due to the strong coupling effects between them. 
    (2) Understanding the real coupling effect between the assembled species for further improving the 
properties. Although there are plenty of advantages for practical applications compared with the van der-
Waals heterostructures, the complex structures of the heteroassembled films and composites from chemically 
exfoliated nanosheets, such as the sheet-to-sheet junctions, and the influence from outside environment, such 
as adsorbed water and oxygen, would greatly impede the real reflection of the interface coupling between 
two species. This leads to the limited understanding of the heteroassemblies and restricts their further 
exploration. The real coupling effects between rGO and titania nanosheet may be reflected based on their 
single sheet assembly by fabricating it into a FET device or characterizing it with in-situ Raman 
spectroscopy. 
    (3) Exploring the coupling effects between high quality nanosheets to discover novel physical phenomena. 
To some extent, the intrinsic properties of the nanosheets would be degraded during the chemically 
exfoliating process. For example, the chemically exfoliated MoS2 and graphene have much lower carrier 
mobility than the samples prepared by scotch tape transfer technology because of the modification of 
chemical functional groups. Therefore, some new phenomenon may disappear because of the low quality of 
the chemically exfoliated nanosheets.  
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